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I. GROUPS AND LIE GROUPS

In this section we briefly remind the general properties of groups and their representations. In physics groups are
appeared as the groups of symmetries of the system. They gather certain transformations in space-time or integral
degrees of freedom preserving the Hamiltonian or, in general, the action of the system. In classical mechanics, due
to Noether theorem, any continues symmetry group provides the system with integrals of motion, which can be used
further for reducing the number of degrees of freedom.

A. Groups and their structure

1. Groups

Remember that the group G is a set of elements g, endowed with an associative multiplication, with an identity
element 1 and an inverse g~ ! obeying gg~! = 1.

If the product is commutative, i.e. g1go = gog1 for any two elements, it is called abelian. For the abelian groups,
the multiplication is often referred as a sum and the identity as 0.

If the group is called finite if it has a finite number of elements. That number is called the order of the group and
denoted it by |G|. The infinite groups could be discrete and continuous.

A subgroup H C G is a subset of elements which forms a group under the group product of G.

By definition, the center of G is the abelian subgroup consisting of elements g € G commuting with the whole

group.

2. Homomorphisms

A group homomorphism is a map 7: G — G’ between two groups which preserves the group structure, i.e. which
satisfies

7(9192) = 7(91)7(92)-

The invertible group homomorphism is called an isomorphism. If there exists a group isomorphism between G and
G’, the groups are called isomorphic, G = G'.
Finally, a group isomorphism from a group to itself, G — G, is an automorphism.

3. Group actions

How to define a group? A common way of definition is the description of group action on a general set M. All one
to one invertible maps between the elements of this set (bijections) naturally form a group, which is sometimes called
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the symmetric group of M, denoted by Sym(M). Note that if M is finite and contains n elements, this reproduces
our previous definition of the symmetric group, or permutation group Sy,.

A group action or realization of the group consists in associating with each its element g a transformation ¢, of the
point set M such that the product of the group elements maps to the product of corresponding transformations, i.e.

tgg® =tgtyx forany ze€ M, g,4 €G. (L.A.1)

In other words, the group action is a homomorphism from G into Sym(M). Clearly, ¢; is the trivial map. Often in
the definition the ¢, is replaced by the left group action: gz = ¢,x.

The group action is called faithful when to distinct elements of the group correspond distinct transformations.
Clearly, an action is faithful if the only identity transformation is the ¢;.
It is easy to see that the left translations t,g = ag for a € G define a natural action on the group, M = G.

Problem 1.A.1: Proof that the inverse right translations 7,9 = ga~' and conjugations 7,9 = aga™' define also group
realizations.

Fix a point x € M. Then its orbit in M is the set of all images, i.e.
Gz = {gx|Vg € G}.
Conversely, the stabiliser, or little group is the set of all group elements that leave x invariant,

Gy ={9€Glgr =z} (1.A.2)

4. Equivalence relation and quotient sets

A given binary relation ~ among the elements = of the set M is said to be an equivalence relation if is reflexive
(z ~ ), symmetric (from x; ~ x5 it follows that x5 ~ x1), and transitive (if 1 ~ x5 and xo ~ x3 then z1 ~ x3).

For a given element x, the equivalence class denoted [z], is defined as a subset of all elements, which are equivalent
to x:

[z] = {2’ € M |2’ ~ z}. (1.A.3)

It is easy to see that two equivalence classes are either equal or disjoint, so the whole group is the union of all them.
The equivalence classes [z] themself form another, smaller set, which is called a quotient set or coset.

5. Cosets

For given groups different equivalence relations can be defined. For example, Let H be a subgroup of G. Then
two elements g1, g2 € G are equivalent with respect to the right multiplication on H, if there exists an element from
g € H such that go = gi1h.

The equivalence class [g], which is usually denoted by gH, consists of all elements gh, where h € H runs over all
subgroup elements, and called a left coset of H in G. Similarly, a right coset [g] = Hg of the subgroup H in G is
defined. In other words,

gl ={gh|Vhe H},  Hg={hg|Vhe H}. (1.A.4)

Clearly the unit element belongs to the coset corresponding to the subgroup H, i.e. [1] = H. All cosets have the same
number of elements equal to the order of the subgroup H. Clearly, the cosets gH and Hg do not form subgroups in
G.

Problem 1.A.2: Why the left, right multiplication define equivalence relations amon the elements of the group? Why they
are not subgroups?



6. Conjugacy classes

Two group elements g; and go are called conjugate, if there exists an element g such that

92 = ggq19~ "

The conjugacy is another equivalence relation among the elements of the group.
Problem 1.A.3: Check that the conjugacy is an equivalence relation.

Therefore, one can form equivalence classes, called conjugacy classes. More presizely, given any group element g,
its conjugacy class [g] consists on the set of all conjugate elements:

[9] = {hgh™'|h € G}. (1.A.5)

For example, the conjugate class of the unity consists only from the unity itself, [1I] = 1. For an abelian group,
these classes consist on single element: [g] = g. For nonabelian groups, they contain different number of elements.

Problem 1.A.4: Does the conjugacy relation respect the group operations?

7. Conjugacy and normal subgroup

Alternatively, for a given subgroup H and an element g from G, the set of elements H, = gH g~ ! define a conjugate
subgroup which is equivalent to H.

Problem 1.A.5: Prove that Hy is a subgroup in G and that it is isomorphic to H.

A subgroup N is called normal, invariant or self conjugate if it is coincides with its conjugate with respect to any
element of the group, N, = N, or

gNg ' =N forallgeG. (1.A.6)

Problem 1.A.6: Prove that for a given group action on the point set M, the group elements g € G, which leave all points
x € M invariant, gz = z, form a normal subgroup. Prove that the stabiliser G5 (1.A.2) is a normal subgroup.

Problem 1.A.7: Show that the left, right cosets and the factor sets are not, in general, groups. Describe them for an abelian
group.

A group which has no nontrivial normal subgroups (i.e. other than 1 and G itself) is called simple.

8. Quotient groups

Normal subgroups allow for the construction of the quotient groups, or factor groups. For general subgroup H, we
define the quotient set as the set of all left cosets of H,

G/H = {gH | Vg € G}. (1.A.7)

In general, this quotient is not a group because it does not inherit the group structure from G.
However, for the normal subgroup N, the quotient G/N inherits the group structure from the initial group G. It
called a quotient group or factor group. The group operation is defined by

(gN)(g'N) = gg'N. (1.A.8)

Indeed, the multiplication does not depend of the representative of the quotient set since, due to invariance of the
subgroup N, we have:

(gn)(g'n') = gg'n”  with n” =71,(n)n’ € N, 7,(n) =g 'nge N. (1.A.9)

It is clear that the map 7, from V.



9. Direct and semidirect products

We will now finally discuss ways to combine groups into bigger ones.
Given two groups, we can define a trivially combined group. The direct product of G; and G5 groups is given by
the set

G x Gy = {(91792) |g1 S G1792 S GQ} (IAIO)
The product is defined componentwise,

(91,92)(91,92) = (9191, 9295)- (1.A11)

In other words any element of the product group is expressed as a product of two elements from each group, the order
is irrelevant, g = g192 = g291. S0, both subgroups mutually commute in the direct product: G1G2 = GoG1. The
unity element if the product of unities in each group.

The direct product notion can be generalized in order to allow shifted commutations among elements of the two
ingredients Gy = N and Gy = H.

To define the shifted product, we need in an exact realization 7, of the H as automorphisms of the group N, i.e.

mh(nn') = m,(n)m(n). (LA.12)
Then the semidirect product is defined as the set
G=NxH={(n,h)|[ne N,he H} (1.A.13)
endowed with the group product
(n,h)(n', 1) = (nTpn’, hA"). (1.A.14)
Let explain the constriction in a more transparent way. The group element in (1.A.13) can be written as
(n,h) = (n,1)(1,h) =nh (1.A.15)

and can be viewed as a definition of the product between the left n and right h. The realization 7, determines now
the same product taken in the reverse order by

hn :=Ty(n)h  sothat  7,(n) =hnh™t. (1.A.16)

The last relation ensures that 75, is an exact H-realization as an automorphism on N as was prescribed initially.

B. Structure of group representations

1. Representations

A representation (p, V) of a group G is a group action on a vector space V' by invertible linear maps. So, the map
g — pg respects the group product. This implies that for any two group elements g,¢’ € G and any two vectors
v1,2 € V we have

Pg'g = Pg’'Pg> pg(Q1v1 + av2) = a1pgu1 + aapyvz, (1.B.1)

there a o are any two numbers. We will consider the representations over the complex or real space.
A representation is faithful if it is a faithful group action. It separates the distinct group elements: py, = pg,
implies g1 = ¢o.

Problem 1.B.8: Prove that p, is faithful if the unit matrix represents only the unit element of the group, g = e.

For instance, in any group there exists a simplest one-dimensional trivial representation given by the unity map,
pPg =€ =1, geaqG. (1.B.2)

For the nontrivial groups it is not faithful and says nothing about the intrinsic structure of the group. From this
viewpoint it is completely useless.



2. Equivalence

Two representations p and p’ are equivalent if they are related by a similarity transformation, i.e. if there is an
operator R such that

RpyR™ = p), (1.B.3)

for all elements g. Two equivalent representation can be thought of as the same representation in different bases. We
will normally regard equivalent representations as being equal.

3. Reducible and irreducible representations

An important question is whether we can break up a representation into smaller parts. This will be the case if there
is a subspace of V' which gets mapped to itself, because then the representation can be restricted to that subspace.

We say that a subspace V/ C V is an invariant subspace if p,V' C V' for all g € G.

A representation p is called reducible if V' contains a nontrivial invariant subspace, i.e. a subspace which does not
coincide with the null and whole space V.

Otherwise, a representation p is called irreducible if V' does not contain any nontrivial invariant subspace.

A representation is called fully reducible if V' can be written as the direct sum of two nontrivial invariant subspaces,
V =V1 @& V5. Recall from linear algebra that this means that every vector v can be uniquely written as v = v + va,
with v; € V;. Then dimV = dimV; + dimV5.

Assume p is reducible, i.e. there is an invariant subspace V; so that p,Vi = Vi . If one chooses a basis of V' such
that the first ny basic vectors span V7, the matrices of p take the block-upper-triangular form

1 12
(A
g = 2
0 pf
for all g. Here pgi) are n; X n; dimensional matrices, while pgm) is a nqy X ny matrix. If p is fully reducible, p(!?) =0,

i.e. it can be brought to block-diagonal form
Pg = pél) 02 :
0 pf

A wunitary representation is given by unitary matrixes, i.e. all operators (1.B.1) are unitary. In order to emphasize
the unitary, we denote the corresponding operators by U:

4. Unitary representations

pg = Uy, UUf =USU, = I (1.B.4)

Any reducible unitary representation is fully reducible.
Let V4 be an invariant subspace of a unitary representation (Ug, V'). Denote by

(v1,v2) = Uf'v2

the corresponding Hermitian inner product. Then the orthogonal space
Vit ={v2 €V|(vy,01) =0 Yoy € Vi}.

will be invariant too. Indeed, for any vector vs belonging to the space Vit, all vectors U,vz, where g is any group
element, also will belong to V;*.

(Ugvg,vl) = (Ug,Ug_Ul) = (Ug,Ug—l’Ul) =0. (1B5)

Since both spaces form entire representation space, V = V; @ V;-, we conclude that the initial representation is fully
reduced to (U,, V1) and (Uy, V1),



5. Dual and conjugate representations

For each complex representation (p, V) of the group G, define a complex conjugate representation (p, V) by the
complex conjugate matrices:

Pg = (Pg)" geq.
Problem 1.B.9: Verify that p is a representation.

Similarly, from any representation one can construct a dual representation (p, V'), sometimes call also a contragre-
dient representation, given by transposed matrixes:

pg = (pg-1)". (1.B.6)
The dual to a complex conjugate representation gives a Hermitian congugate representations
p;' = (pg-1)7T, geq. (1.B.7)

Problem 1.B.10: For an irreducible representation, will be irreducible its dual and complex conjugate representations?

6. Product representations

Given the spaces V7 and Va, we can form the tensor product (or direct product) V' = Vi ® V5. This space is
constructed as follows: Take bases {e;} and {f;} are some basises in V; and V5 respectively. A basis of the tensor
product space V is then given by the set v;; = {e; ® f;}. It is parametrized by the multi-index (¢,7). Clearly,
dimV = dimVj - dimV5.

Given two operat01(rs) acting on V; and V5 , we can define their tensor product via their matrix elements. Let the
1

matrix elements be p;;/ and p§?2 Then the matrix the product

_ (1) (2)
Piji'j = Piir Pjjr

is parameterized by the multi-index.

7. Schur lemma

Consider two irreducible representations (p"), ;) and (p®),V3) of the same group G.
Lemma 1. (Schurs Lemma) A linear operator R: Vi — V4 between the two irreducible representations, which satisfy
Rpgl) = pf)R (1.B.8)
for any group element g, is either an isomorphism, in which case the representations are equivalent, or zero.

The operator R is called an intertwiner. The relation (1.B.8) implies the commutativity of the following diagram:

R
vV —— VU2

i | o

/ R /
vp > U

Proof. Recall the definition of the kernel KerR C V; and the image ImR C V5 of a linear map R. The first is the null
space of R, and the second collects all its images,

KerR = {v; € V1 | Rv; = 0}, ImR = {Rvy |v; € 1 }. (1.B.9)

Problem 1.B.11: Prove that the KerR C V4 and ImR C V: are invariant subspaces of the representations p<gl) and p§2)
respectively. Hint: use the intertwiner condition (1.B.10).



Problem 1.B.12: Show that either KerR = 0 and ImR = V5 or KerR = V4 and ImR = 0. Hint: use the irreducibility
condition.

The first case the last task corresponds the equivalents representations while the second case describes the zero
map. This completes the proof of the lemma. O

Consider now the a single representation on the complex space. As a consequence of the Schur lemma, we have the
following assertion which often is considered as a Schur lemma.

Corollary 1. A linear operator R on the complex space V', which commutes with the group action,
Rpy = pyR, (1.B.10)
is a multiple of the identity map:

R=\I. (1.B.11)

Proof. Since the identity map I also obeys the intertwining relation (1.B.10), the combined operator R — AI for any
A € Cis also an intertwiner obeying the Schur Lemma condition. But at the root point A = A\g where det(R—MXoI) = 0,
the operator R — AI is not invertible. Hence, it must vanish providing the equation (1.B.11) for A = Ag. O

Problem 1.B.13: Is the corollary fulfilled for the real representations?

8. Characters

For a n-dimensional representation (p, V) of the group G, define a function dependent on the group element g
taking the trace of the representation matrix,

X =Tr pg = (pg)us- (LB.12)
=1

The immediate consequence of this definition is that a character value at the unity element is the dimension of the
representation,

Xt =dimV =n. (1.B.13)

Then applying the trace on both sides of the equivalence relation (1.B.3) and the cyclicity property of the trace,
we conclude that the equivalent representations have the same character:

Xo=xt it p=g. (1.B.14)
A character is a function on the conjugacy classes of the group. It has the same value on conjugate group elements:
Xg = Xngn-1» V9, h€G. (1.B.15)

Problem 1.B.14: Prove above formula.

If the representation p is fully reduces to the representations p") and p(?, then the characters also obey the sum
rule:

Xg = x5 + X
Similarly, if the representation p is a product of p!) and p(?), then the characters obey the product rule:

Xg = x§Vx .
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C. Some useful algebras

1. Quaternions

Consider the three two-dimensional matrices 71, 7o and 73 expressed via the Pauli matrices o;

01 0 — 10
T = 104, 01—(1 O)’ 02_(1 O)’ 03—(0 1). (1.C.1)

Together with the identity matrix I = 1, they form a closed algebra over the real numbers. They are three imaginary
unities 77 = —1 obeying the rule 7179 = —73 and the other rules obtained by the cyclic permutations. In a single

form,
TiTj = —0ij — €ijkTh, (1.C.2)

where €;;, is the Levi-Civita tensor.

The associative algebra generated by 7; (1.C.2) is called the algebra of quaternions and denoted as H.

Any element ¢ € H is presented as ¢ = qo + ¢;7;. The conjugate is given by q7 = qo — ¢;7;. Clearly, H is closed
under the multiplication.

The norm of the quaternion is given by

lg| = +/det gq™. (1.C.3)
Problem 1.C.15: Show that: 1) qq+ = |q|2 = qg + q% + q% + q;,%, 2) lq1q2] = |q1||gz|-

This implies that ¢ = 0 if and only if its norm vanishes, and the inverse elements exist for all nonzero quaternions
and are given by

¢ = (1.C.4)

These are peculiar features of the quaternions which distinguish them from other matrix algebras and allow them to
consider as a noncommutative extension of the complex numbers.

Denote by H; the quaternions with the unity norm, |g| = 1. This subset contains the unity and is closed under
the multiplication and inverse, but, of course, is not invariant under the linear operations. Therefore, H; is a group
described by the three-dimensional sphere S3.

Problem 1.C.16: Prove that H; = SU(2). Hint: use the representation (1.G.18).

2. Group algebras

Consider the finite group G and construct the finite-dimensional vector space on it by
a= Z agg. (1.C.5)
geG

Here the group elements are associated with the basic states of the linear space whose dimension coincides with the
order of the group k = |G|. The a4 are the real or complex coefficients.
The corresponding algebra is called a group algebra of G and mentioned by R[G] (or by C[G] in the complex case).
The product of two elements induces a product among their coefficients by

ab = Z(a*b)gg (1.C.6)

geG
with the convolution product between two coefficients
(axb)y = Z apbp-14. (1.C.7)
heq

Above construction seems to be somehow an artificial one, and a natural question arises: why the group algebra is
introduced? The answer becomes evident if we remember that many applications of the groups in quantum physics
are related to the properties of their representations. The group algebra incorporates the common properties of all
irreducible representations of the group.
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D. Irreducible representation of finite groups

1. Equivalence to unitary representation

Recall that the unitary representations are given by unitary matrices, see Sec. [.B.4.
Lemma 2. Any representation of finite group is equivalent to some unitary representation.

Proof. Take a k-dimensional representation p, and construct there the followng metrics

B= Z p;'pg. (1.D.1)
geG

First, this metrics is positive, B > 0. Indeed, for the square of any vector v from the representation space we have

vt By = Z(pgv)+pgv >0,
9

Note that we have excluded the zero value since it implies a presence of the null vector v, p,v = 0, which violates the
invertibility of p,. Hence, the metrics can be converted to the Euclidean form by coordinate transformation

I=X"BX (1.D.2)

Second, it is easy to see that the constructed metrics is invariant:

PsBrg =D (papa) pops = Y Pagpy = Y Pypy = B.
9'eG g'eG g'eG

Then in new coordinate system, as easy to verify, the representation (1.B.4) will be unitary.
Uy=Xpg X! (1.D.3)

The above equation provides the equivalence of both representations. O

2. Orthogonality of matrix elements

Let U, and U; are nonequivalent irreducible representations of the finite group G on the spaces V and V' with
dimension n, n’ correspondingly.

Lemma 3. The matriz elements of nonequivalent irreducible representations are orthogonal

STWHiUey =0,  1<ij<n, 1<d,j <n (1D.4)
geG

Proof. Take an arbitrary rectangular matrix A of dimension n’ x n and construct another matrix

R=R(A)=> USAU,. (1.D.5)
geG

Then the matrix R obeys the intertwiner condition for all group elements g,
U;RU; =R, or RU; =UyR. (1.D.6)

The Schur lemma implies that it must vanish: R = 0. Choosing A equal successively to the nn’ matrices Ej;» with a
single nonzero element,

Ajjr = E(i,i)j5 = 05500, (1.D.7)

we come to the desired equation (1.D.4). O
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Lemma 4. The matriz elements of an irreducible n-dimensional representation are orthogonal

|G|

> (Ui (Ug)ht = ~Oikdjt, (1.D.8)

geG

Proof. In that case, we must set U, = U, in the relations (1.D.5) and (1.D.6). According to the Schur lemma, the
intertwining operator must be proportional to the identity with the coefficient A-dependent coefficient, R(A) = A(A)I.
Substituting A = E(i, k) into

UTAU, = NA)I
as in the previous case, and we at the following equation on (j,!)th matrix element:
Z(U;)ij(Ug)kl = Airdji- (1.D.9)
geG
Setting j = I, taking sum over j and using the unitarity condition (1.B.4), we get

|G|

Aik = —0ik,
n

which completes the proof. O

The two formulas (1.D.4), (1.D.8) can be unified into a singe one if we consider only nonequivalent irreducible
representations labeling by Greek indexes:

G|

Z(U;*)ij(Ug)kl —00p0ik0;1, (1.D.10)

geG

where n, is the dimension of the representation U®.

The above relation has many important consequences.

The dimension of the Euclidian space onder consideration coincides with the order of the finite group. As soon as
the orthogonal vectors are linearly independent, we must have the inequality

> nZ <al, (1.D.11)

which puts a strong restriction on the amount of irreducible representations and their dimensions.

3. Orthogonality of characters

As we have mentioned before, the equivalent representations have the same character

Mo

Xalg) =Tr US = (Ui (1.D.12)

i=1
For simplicity, rescale the Hermitian scalar product, considered above, as
aybg. 1.D.13
=@ G| > (1.D.13)
geG

Then the matrix elements orthogonality relation (1.D.10) implies that the characters of nonequivalent irreducible
representations are orthogonal, and their norm equals one in this metrics:

M(Xa:X8) = Sap- (1.D.14)

The established properties of characters have many interesting consequences.
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First, since a character is a function on conjugacy classes of the group (see Sec. 1.B.8), one can conclude that the
amount of all nonequivalent irreducible representations of a given group does not exceed the number of its conjugacy
classes.

Second, a character of any representation U, expressed via irreducible characters

X(9) = maxal9),

where m,, = 0,1,2,... are a municipalities of the irreducible representation U® in U. So, the square of the character
is represented as the sum of squares of interes:

M(x,x) =Y ma. (1.D.15)

We obtained in this way a criteria of irreducibility:a representation is irreducible if and only if the norm of its character
18 unity.
Consider the simplest nontrivial example of the abelian cyclic group Z,, generated by s single element a

Z,={e=4d"a,a?, ... a" "'}, a” =e. (1.D.16)

Of course, the irreducible representations are one-dimensional and coincide with the characters. Define n representa-
tions by

2mad

X?:Xgl:exp( ), a=0,1,2,...,n—1. (1.D.17)

Problem 1.D.17: a) Why there is no other irreducible representation for the group Z,? b) Check that the characters (1.D.17)
are orthogonal.
4. Regular representation

Here we investigate a representation given on the group algebras (see Sec. 1.C.2). The left group action on the
group algebra (1.C.5) defined the regular representation of the group G. More precisely,

py8a = ga = Z ag 99 = Z ag-149'. (1.D.18)
g'eG g'eG

The dimension of the representation is the order of the group:
Nreg = |G,
Take a natural basis in the group algebra consisting from the group elements. Then the representation pi* just
permutes all the basic elements. The exsection is the g = e case when it coincides with the unity map. In the

first case, all diagonal elements of the representation matrix vanish, so that we have for the character of the regular
representation very simple expression

Xy ® = |Gldeg- (1.D.19)

Decompose the regular representation into irreducible representations with multiplicity mL® of the ath irreducible
representation (here and in the following we the superscript marking the regular representation):

Xo =D maxg,  x=x"% (1.D.20)
[0
The orthogonality of characters (1.D.14)together with the character formula for regular representation (1.D.19) imply

ay _ XeXe
ma = M(x, x") = T (1.D.21)
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We conclude that the reqular representation contains all irreducible representations with the multiplicities equal to
their dimensions. Substituting (1.D.21) into (1.D.15), we

Gl = nl. (1.D.22)
For example, it include a sum of all group elements,
1
e = g > g (1.D.23)
geG

Since a multiplication on a particular element g defines a one-to-one map of a group into itself, we have

Pgls = ges = 5G9 = €5 so that €2 = e,. (1.D.24)

S

Thus, we have extracted a trivial representation from the regular one. It is easy to see that its multiplicity is one.
Indeed if ga = a for all group elements g, then all coefficients a4 in the decomposition (1.C.5) are the same.

5. Regular representation and conjugacy classes

Denote by G; the elements belonging to the ith conjugate class of the group. Clearly, for any element G,
T
9Gig™" = G, Uaci=¢
i=1

where r is the number of conjugate classes. Then the element

hi=)Y g (1.D.25)

geG;

from the group algebra commutes with any element g of the group:

ghig™ = > 9997 =D g=hi (1.D.26)
g'€G; g'€qG;

Clearly, the elements (1.D.25) belong to the center of the group algebra, Moreover, they form a basis in the center so

that if ga = ag for a given group algebra element a = > geG g9 and all group elements g, then

a= Zci(a)hi (1.D.27)

with some coefficients c¢;(a).
Problem 1.D.18: Prove exactly the above statement.

Clearly, the product h;h; belongs to the center too, so that one can decompose it on the cental basic elements
(1.D.27) and set ¢;;x = cix(hsh;). Thus the elements h; form a closed abelian algebra:

hih]‘ = hjhz = Z Cijkhk; (1D28)
k=1

where c¢;;, are some numbers. In general, they have a complicated form dependent on the group structure.
Clearly, the structure coefficients ¢;;, are symmetric on 4, j. Let ¢ = 1 marks the conjugacy class of unity: G1 = {e}.
Then it is clear that h; = e and

hihj = hj, S0 Cljk = Cj1k = Ojk- (1.D.29)
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Is the value of c¢;j; also so simple? Note that if it does not vanish then there is an element g € G; such that
g~! € G;. But in this case the inverse of any other element from G; belongs to G; and vice versa. Indeed, if two
element conjugate, then their inverses are conjugate too:

1 1 -1,.-1

g =sgst = ¢ t=sg"'s

Therefore the class G; is composed from the inverses of all elements from the class G;, and the index j completely
specified by 7. We will mark this fact by setting 7 = 7. Both classes contain the same number of elements,

Gy =G, [Gil =Gyl (1.D.30)
It is easy to derive from the definition (1.D.25) the particular form of the algebraic relations (1.D.28):
hihi = |Gile + 3 cijrh. (1.D.31)
k#1
Finally, we get
cij1 = |Gildirj. (1.D.32)

6. Characters and conjugacy classes

According to the Schur lemma, on irreducible representations Ug*, these elements are proportional to the identity
matrix:

Up, = A1
It can be written in terms of the characters,
|GilXi = naAT,

where we have restricted the characters to the conjugate classes so that xi* = xj; , where g; is some representative
from the class G;. So, we have

Gi|x§
ro =[G (1.D.33)
Na
The algebraic relation (1.D.28) in terms of characters is:
GillG5Ixe xS =D |Grlcijrnaxs- (1.D.34)
k=1

Problem 1.D.19: Derive the relation (1.D.34).

Now we are going to strengthen the relation between the irreducible representations and conjugacy classes, estab-
lished in Sec. I.D.3. In fact, the number of all nonequivalent irreducible representations of a given group equals the
number r of its conjugacy classes.

It is enough to set the completeness of the restricted characters x®. The relation (1.D.34) is very useful for this.
Indeed, applying the sum over « and noting that the term n,x§ produces the character of the regular representation
which has a very simple form, we arrive at

”
|Gl G| G|
Xi x5 = T Ciik Xk = T T A Cijl = T 075, 1.D.35
200G = 2 G = e T (6 (1-D-33)
where we have applied the expression (1.D.32). This is not a desired relation since the scalar product on the left side
is not Hermitian. So, we have to replace
Xi = ()" = (xg,)" = xg-1 = xg, = X

which provides a desired completeness relations for the characters,

Q) * « G
> ) xG = ||G_|6ij~ (1.D.36)

[



16

E. Symmetric group

Recall that the symmetric group S5, is formed by all permutations of n elements.

1. Two-line representation

Any element s € S, can be presented in two-line notation

S:<1 2 ...n—1 n) (1LE1)

S1 82 ... Sp—1 Sp

Here s; is the image of the ith element. The examples are

1234 123456
4213 413625

The product of two permutations s and p in this notation is

spz(l n)(l 7’L>:(p1 pn)<1 n):<1 n) (1E.3)
S1 «. Sn) \P1 ... Dn Spy -+ Sp,) \P1 --- Pn Sp1 --- Spn

34\ (1234 1234
1 3) (3 14 2) o (1 4 3 2) (LE4)
The inverse element corresponds to the switch of two rows. For example,
1234\7" (4213\ (1234
4213 “\1234) \3241)"
Problem 1.E.20: Show the conjugation rule
sps” = <Sl Sn). (1.E.5)

Spy -+ Spn

oo =
~ N
—_ W
[GURITN
N Ot
62 BN e

NN
Sy OO0

) (LE.2)

For example,

Hint. Use the product rule (1.E.3).

2. Disjoint cycle representation

Alternatively, one can present this element in one-line notation by constructing the chain of images starting from
the first element (we set s(i) := s;)

1—=s(1) = s(s(1)) = - — 1.

Clearly, all its elements besides the first one are distinct. Denote by k + 1 the length of this chain. It defines the
cyclic permutation from the symmetric group Si C S,

_ N (1 s(1) ... s*(1)
c1=(1,81,...5%) = (5(1) s(s(1)) ... 1 ) (1.E.6)

where by s¥(i) we denote the k-fold nested action of the permutation on the ith element. If & < n then by selecting
one of the remaining elements i (where i # s*(1) for all k), one can construct another cycle

co = (i,5(i),...5(i)).
Evidently, both cycles contain nonintersecting sets and mutually commute as group elements

C1C2 = CgCq.
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Continuing this process inductively until all n elements are included into the game, we decompose the permutation
into the product of commutative cycles,

§=cC1C2...Cp-
For example, the first permutation (1.E.4) is expressed in one-line form as
(1,4,3)(2) = (2)(1,4,3) = (1,4, 3).
Problem 1.E.21: Find the one-line representation for the last two elements in (1.E.4).
Problem 1.E.22: For the cycle ¢ = (a1, as...,ax) the inverse is ¢ = (ax, ..., a2,a1) .

Note that the cycle made up from a single element is unity: (i) = e and can be omitted from the cycle decomposition.

3. Conjugacy classes
Given two elements s € S, and p € Sy with k < n, it is easy to verify that

S(P1y - D)8 = (Spyse e ey Spy)- (1.E.7)
Problem 1.E.23: Prove the formula (1.E.5) using the conjugation rule in two-line notation (1.E.3).

Therefore, the conjugacy map does not change the cycle structures of permutations. From the other side, it is easy
to check that two elements with the same cycle structure are conjugate to each other. For example, the elements

s1 = (123)(45) and s, = (253)(14)
45
1&'

From the other side, neither s; nor s, is not conjugate to the element (12)(45).

. 123
S2 = psip -, p= 25 3

Proposition 1. The two elements are conjugate if and only if they consist of the same number of disjoint cycles of
the same lengths.

Therefore, a conjugacy class of the symmetric group S,, is uniquely characterized by the partitions of n,
n=XA+X+...4+ Mg, 1< <... <A <n, (1E8)

where ); is the length of the ith cycle.
For example in case of S3 group, there are three partitions

3, 2+1, 14+141,
which describes the r = 3 conjugacy classed formed by all following elements with distinct values of i1, i and i3:
(7:177:2’7:3)7 (i17i2)7 €.

Note that one can select only two nonequal permutations for the fist class of thee-length cycles. The standard choice
is (1,2,3) and (1,3,2), the others are obtained from them by cyclic shifts, which do not change them. So, this class
consists of two elements. There are three elements of the second type, (1,2), (1,3) and (2, 3). The third class contains
a single unit element.

Problem 1.E.24: Check that the conjugacy class of n-cycles in S, contains (n — 1)! = n!/n elements.

There are five possible partitions of 4:

4, 341, 242, 241+1, 1+41+1+1. (1.E.9)

Problem 1.E.25: a) Describe the corresponding conjugacy classes of the symmetric group Ss. b) Write down the partitions
of 5 and corresponding conjugacy classes for Ss.
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The group S; consists of 24 permutations. The first class above consists of 3! = 6 elements. The second class is
determined by a three-cycle. As we have seen, for a given set of three numbers there are only two such permutations,
so we have 8 = 4 -2 permutations there. The third class consists two 2-cycle permutations, (i1,42)(i3,74). Clearly the
first cycle completely determines the second one, an we have 3 = %(;") elements here. The additional % factor here
identifies a given permutation with (i3,44)(41,%2). This factor is absent in the fourth conjugacy class having 6 = (‘21)
members. The last one is the unity class from a single member.

Let us count the number of group elements, |G;| in ith conjugacy class for general symmetric group G = S,.
Suppose the conjugacy class consists of ny 1-cycles, no 2-cycles, etc. Then the number of different permutations in
the conjugacy class is

n!

|G| = ) where  nq +2n2 +3ng+--- =n. (1.E.10)

2n23ns m!ng!ng! A
The factors k™ in the denominator is due to a cyclic order doesn’t matter within a cycle: (1,2,3,4) is the same
as (2,3,4,1). The factors ng! come from the fact that order of elements doesn’t matter between cycles of the same
length.

4. Irreducible representations in group algebra of S3

Let us investigate the group algebra of the simplest symmetric groups.

Note that for S, it consists of two elements e and (1,2) with the constrain s> = e. Two distinct one dimensional
representations are the trivial and antisymmetric ones given, respectively, by the totally symmetric es (1.D.23) and
antisymmetric e, elements:

e+(1,2) e—(1,2)

€s = €1 = 9 ) €q = €2 = 9

It is easy to check that this basis satisfies
€;€; = 6@'61‘ (lEll)

for i,j = a,s.
The S3 case is more complicate. Of course, like in any symmetric group, there are symmetric and antisymmetric
elements here,

e+ (1,2) 4 (1,3) + (2,3) + (1,2,3) + (1,3,2) e—(1,2) = (1,3) — (2,3) + (1,2,3) + (1,3,2)

eS - 6 I ea 6
Problem 1.E.26: Check that the above elements satisfy the product rule (1.E.11).

Note that line ey, the element e, projects out all elements into itself:
€ad = g€q = €q, g€eQ@G. (L.E.12)
Problem 1.E.27: Check the above relation for e, (case of es it has been treated already (1.D.24)]).
The S5 group has three nonequivalent irreducible representations according to its three conjugacy classes (see
Sec. I.E.3). So, there is a one representation U®) | yet undiscovered. The equation (1.D.22) get immediately its
dimension and multiplicity: ng = m3 = 2. So, it must present twice in the regular representation.

Indeed, es and e, does not span whole six-dimensional group algebra, so the corresponding projectors do not form
a complete set:

2e —(1,2,3) — (1,3,2
er=€e—eg—e; = c-(1,23) - (13, )
3
It is easy to check that e; together with e and e, satisfy the ’orthogonality’ condition (1.E.11). Obviously, e; projects
to the four-dimensional space of the group algebra.

In order to extract both subspaces, split the projector e; into two parts, e; = e3 + e4, with

e+ (1,2)—(1,3) —(1,2,3) e—(1,3) e+(L,2)

, (1.E.13)
3 2 2

oL+ (1) - (132 e—(1,2) e+(1,3) (1.E.14)
3 2 2
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The second equations in (1.E.13), (1.E.14) imply that
eseq = egez = 0, e3e, = €4, = ege3 = egey = 0, e3es = €46 = €qe3 = eqe4 = 0. (1.E.15)

The first and second sets of equations are easy to check since subsequent symmetrization and antisymmetrisation
procedures vanish. Remember that the elements e, and es commute with whole group algebra (1.D.24), (1.E.12), so
they can be moved between the two multiplies in (1.E.13) and (1.E.14). This proves the third set of equations above.

So, the four projectors e; with i =1, 2,3, 4 are orthogonal and satisfy (1.E.11). The elements e; o define the trivial
and antisymmetric representation, while e3 4 generate two equivalent two-dimensional representations of Ss.

Problem 1.E.28: Show by direct calculation that the elements (1.E.13) and (1.E.14) are idempotent, i.e. e = e;.

5. Irreducible representations in group algebra of S,

Now we come to the general symmetric group algebra and briefly describe how to extract irreducible representations
from it. The procedure is an extension of the n = 3 case. The totally symmetric and antisymmetrization elements of
the group algebra are now

1 1 1
€= Z g, €a= Z 9= Z €qy. 8,5 (1.E.16)
gESH gESn SESR

where €, = %1 is the parity of the permutation represented by the Levi-Civita tensor in two-line representation
(1.E.1).

6. Cayley's theorem

It turns out that the set of symmetric groups is big enough: it contains any finite group as a subgroup. More
precisely, Cayleys theorem states that

Every finite group G of order n is isomorphic to a subgroup of the symmetric group Sy,.

Let us numerate the elements of the group

G:{gla.927"'agn}

and fix some element g = gx. Then the left (right) multiplication of the group elements on g just permutes in some
way their indexes:

{991,992, -+, 99n} = {951, Gsn> -+ -+ 9sn }-

The permutation s € S,, depends on g. This follows from the fact that the multiplication on g is a one-to-one map
on G, so gg; and gg; must differ for ¢ # j. It can be also proven that the map respects the group product.

7. Transpositions and generators

The exchange between ith and jth elements with all others elements fixed is called a transposition. It is easy to
see that every permutation can be written as a product of transpositions. In other words, they generate the whole
group S,. Moreover, any transposition can be written as a product of the n — 1 adjacent transitions o; = (7,7 + 1).
Using (1.E.7), it is easy to verify, for example, te relation

(i,14+2) = 0,0,410; = 0j410:04+1.
In extension of this relation is
(i,i+ k) =504 k15 " with §=0i0it1 - Oitk_2- (LE.7)
Problem 1.E.29: Prove the equation (1.E.17). Hint: Apply the induction on k and use the inverse expression

-1
S = 0i+k—2...0i4+104.
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The n — 1 generators o1, ...,0,_1 are independent and the only relations among them are:
o2=1, (1.E.18a)
0,0 = 0,04 with jEIE1, (1.E.18D)
0;0i4+10; = 0;410;0441. (1E18C)

Problem 1.E.30: Show that the relation (1.E.18¢) is equivalent to

(O’ia'i+1)5 =e.
Problem 1.E.31: a) Show that (1,2,3) = s2s1 and (3,2,1) = s152

b) Write explicitly all relations among generators in Ss.

¢) Show that Ss is isomorphic to the symmetry group of the regular triangle Ds.

Note that the relations (1.E.18b) and (1.E.18¢) solely define a baraid group with infinite number of elements. It
represents braids in three-dimensional space with a multiplication defined as a composition of braids.

8. Alternating group

The representation of a permutation as a product of transpositions is not unique and can be modified using the
relations (1.E.18a)—(1.E.18¢). However, the same relations imply that the parity of their number must be the same.
So, the number of transpositions needed to represent a given permutation is either always even or always odd.

Clearly, the even permutations form a subgroup A, C S,,, which is called an alternating group. Moreover, it is an
invariant subgroup, since for every a € A,, the element gag~! is even too. The latter becomes evident if we express
g € S, as a transposition product .

A single transposition, say, o1, maps between even and odd parts of the symmetric group: S, = A, Uoi4,. So,
they have the same number of elements and the order of A,, is n!/2. For instance, the group As is composed from
the cyclic permutations isomorphic to Z3.

Is the alternating group A, simple, or it still contain a nontrivial invariant subalgebra? In fact, it is simple except
for n = 4 case.

Sp/An = Zy = {£1}. (1E.19)

Consider now the symmetric group S35 containing six elements. It is isomorphic to the symmetry group of regular
triangle Ds.
Problem 1.E.32: Verify that

1) the three cyclic permutations e, (2,3,1) and (3,1, 2) correspond to the triangle rotations on angle ¢ = 0, i%” and form
the cyclic subgroup Zs;

2) the two-element exchanges (1,2), (1,3) and (2, 3) correspond to the reflections with respect to the three symmetry axes.

The cyclic permutations are even here, while the reflection are odd. In this particular case, the alternating group
is formed by cyclic permutations, so

A3 = Z3.

9. Groups S4 and Ay

Consider now the group S; having the order 24. As a subalgebra, it contains the symmetry group of square Dy
with 8 elements Four permutations are odd and correspond to the rotations of the square on angles ¢ = 0,+7, .
Clearly, they form a cyclic group Z;. Another four elements of D4 are even and provide the reflections with respect
to the symmetry axis.

Problem 1.E.33: Construct explicitly the D4 subgroup elements in the cycle representation and calculate their products.
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Note that the D4 subgroup is not invariant.
In contrast, the alternating subgroup A4 is invariant. It contains only permutations with two transitions. There
are three such elements acting on distinct points,

a=1(1,2)(3,4), b=(1,3)(2,4), c=(1,4)(2,3). (1.E.20)
The eight other elements transitions with one common point, which form three-length cycles. They are
(1,2,3),  (23,4), (1,24, (1,34 (LE21)

and their inverses. The order of A4 is 12, so apart from the unity, there is no other element in this group.
There elements (1.E.20) commute with each other. Moreover, the product of two of them gives the third one:

ab = ba = c, a> =0 =e. (1.E.22)
Problem 1.E.34: Verify the first two equations above.

So, one can conclude that the elements a, b, ¢ together with e form the group Zs x Z5. From the other side, this
subgroup is invariant in Sy and A4 since according to the rule (1.E.7), any conjugation just permutes the three
elements a, b, c. Therefore, the group A4 is not simple.

What prevent to extent this construction to higher A,,7 In fact, in order to ensure the invariance, we have to involve
into the subset all elements

(i7) (k) with 1<i<j<k<l<n

Then for n > 4, this set fails to be a subgroup, as is easy to see.

F. Finite reflection group
1. Reflection groups and root system

Consider the n-dimensional Euclidean space R™. Any vector o« € R™ defines a hyperplane (z,«) = 0, which is
orthogonal to it and passes through the origin. The orthogonal reflection s, with respect to this hyperplane as a
mirror can be described by the following formula:

2(a, T
Sal =T — ((a, a)) (1.F.1)
Indeed, it alters the direction of «, s, = —« while all points of the hyperplane (z,«) = 0 are stable: s,x = .
Clearly, the reflection belongs the orthogonal group: s, € O(n). It considers with the inverse map: s2 = 1.
Moreover, since the O(n) group preserves the scalar product, it maps the reflections in the following way:
Sga = 9Sag ', Vg € O(n). (1.F.2)

Actually, a reflection (1.F.1) is given by the direction of the vector a but not by its length. In order to set one-to-one
correspondence between two sets, one must normalise the vectors somehow. A given set of hyperplanes generate a
discrete group of isometries in R™, which, in general could be infinite. We consider the case then this group contains
only finite number of elements.

Definition. A normalized root system R is a finite subset of vectors in R™ normalized by a? = 2 such that 5,3 € R
for any o, 8 € R.

In particular, since s, = —a, the roots +« participate together in R. Moreover, they define the same reflection:
Sa = S_q-

The second statement in the definition means that the root system remains invariant with respect to any reflection
from this set. The reflection formula (1.F.1) is simplified for a normalized system:

Sa2 = — (a, T)au. (1.F.3)

Definition. The subgroup W = Wg of O(n) generated by the reflections s, for & € R is called the finite reflection
group or the Weyl group associated with the normalized root system R.

The abstract group of a reflection group is a Coxeter group, while conversely a reflection group can be seen as
a linear representation of a Coxeter group. For finite reflection groups, this yields an exact correspondence: every
finite Coxeter group admits a faithful representation as a finite reflection group of some Euclidean space. For infinite
Coxeter groups, however, a Coxeter group may not admit a representation as a reflection group.
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2. Examples of root systems

Consider the standard orthogonal basis e, ..., e, in R™ with (e;, e;) = J;;.
A,—1 = sl(n). This normalized root system is formed by the vectors a;; = e; — e;:

Ra, , ={f(ei—e;) |1 <i<j<n} (1.F.4)
The associated Weyl group Wx coincides with the symmetric group S, of permutations of n elements considered in

Sect. (L.E). Indeed, the reflection in the root «;; interchanges the two basis vectors e; and e; and leaves the remaining
ones fixed:

Sa;;T = Tje; + Ti€j + Z Tpe. (1.F.5)
k#i,j

Cy, = sp(2n) or B,, = so(2n + 1) are characterized by same set forms a normalized root system defines as follows:
{£(ei —ej), H(e; +e;),£V2e; |1 <i < j <n}. (1.F.6)

The associated Weyl group consists of permutations .S,, and sign changes of n coordinates. The permutations do not
commute with sign changes. So that the semidirect product of both groups is taken place here: Wg = 5, x Z3.
D,, = so(2n). It is described by the set

{:I:(ei + €j),:|:(€i — 6]‘) ‘ 1<i1<j5< ’I”L} (1F7)

Its Weyl group consists of permutations S,, of permutations and simultaneous sign changes of even number of coor-
dinates so that Wg = S, x Z5~ 1.

3. Weyl chambers

Removing the hyperplanes defined by the roots of R cuts up n-dimensional Euclidean space into a finite number of
open regions, called Weyl chambers. It forms a convex polyhedral cone. Since each reflection maps the hyperplanes to
each other, the chambers are permuted by the action of the Weyl group. In particular, the number of Weyl chambers
equals the order of the Weyl group.

4. Positive and negative roots

Fix one Weyl chamber as a positive Weyl chamber V, . It partitions the root system into into positive and negative
roots:

R=RyUR_. (1.F.8)

By definition positive roots have positive inner products with all vectors in V. while negative roots are minus positive
roots. We shall write o > 0 if & € R4. It is clear that

Ry={aeR|(Na)>0 VAxeV,}, (1.F.9)
Vi={XAeR"|(\a) >0 VaeRy}, (1.F.10)

and so V; and R4 mutually determine each other.
Using positive root system, one can define a partial ordering among all vectors by setting x > y if z — y is a
nonnegative superposition of positive roots:

T—y= Z Ca, Co > 0. (1.F.11)
(XER+
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5. Dihedral group

A regular polygon with n sides has 2n different symmetries: n rotational symmetries generated by the n reflection
symmetries. Together they make up the dihedral group D,,. It is formed by rotations rj on the angle 2rk/N, forming
an invariant cyclic subgroup Z,, and the reflections si, where 0 < k < n — 1. The kth reflection mirrors the plane
with respect to the axis making the angle 7k/N with the abscissa axis. Their composition is given by the following
formulae:

TET] = Tk+1, TES|T = Sk+1, STl = Sk—1, SES] = Tkp—1- (1F12)
The above indexes are taken modulus n. If n is odd, each axis of symmetry connects the midpoint of one side to the
opposite vertex. If n is even, there are n/2 axes of symmetry connecting the midpoints of opposite sides and n/2 axes
of symmetry connecting opposite vertices. Reflecting in one axis of symmetry followed by reflecting in another axis
of symmetry produces a rotation through twice the angle between the axes.
The dihedral group is generated by the r = r; and s = sg subjecting to the rule
r=s%=(rs)? =1. (1.F.13)

It can be expressed as a semidirect product D,, = Z,, x Zy with Z5 acting on Z,, by inversion.
If we identify the complex plane C with the Euclidean plane via z = x + iy then the set

R = {V2exp(mik/n) |k =0,1,...,2n — 1} (1.F.14)

of renormalized 2n-th roots of unity has Weyl group equal to the dihedral group D,,. Indeed, the composition of two
reflections is a rotation over twice the angle between their mirrors.

6. Symmetry groups of regular polytopes

All symmetry groups of regular polytopes are finite Coxeter groups. Note that dual polytopes have the same
symmetry group.

rRCE

Tetrahedron Cube Octahedron

Dodecahedron Icosahedron

There are three series of regular polytopes in all dimensions. The symmetry group of a regular n-simplex is the
symmetric group 5,41, also known as the Coxeter group of type A,,. The symmetry group of the n-cube and its dual,
the n-cross-polytope, is B,,, and is known as the hyperoctahedral group.

The exceptional regular polytopes in dimensions two, three, and four, correspond to other Coxeter groups. In two
dimensions, the dihedral groups, which are the symmetry groups of regular polygons, form the series I5(p). In three
dimensions, the symmetry group of the regular dodecahedron and its dual, the regular icosahedron, is Hs, known as
the full icosahedral group. In four dimensions, there are three special regular polytopes, the 24-cell, the 120-cell, and
the 600-cell. The first has symmetry group Fj, while the other two are dual and have symmetry group Hy.

The Coxeter groups of type D,,, Fg, F7, and Eg are the symmetry groups of certain semiregular polytopes.
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G. Matrix groups

In this subsection we briefly recall the properties of the standard matrix groups. The matrix multiplication and
inverse provides this set with the group structure.

1. Linear groups

We consider the complex and real N x N matrices A = A;;. Any matrix defines a linear transformation in N
dimensional space

The invertible matrices form a general linear group GL(N). It is described by N? complex or real parameters given
by the matrix elopements excluding (N2 — 1) dimensional surface detA # 0 in the parameter region. The group unity
is given by the identity matrix given by the Kronecker delta, I;; = d;;. The matrices AI with X # 0 are isomorphic to
GL(1) and form the center of GL(N). Therefore GL(N) is not simple.

The special linear group SL(N) is restricted by the area-preserving transformations given by the matrices with unit
determinant,

detA = 1. (1.G.1)

Of course, this condition respects the matrix multiplication. The group manifold is a (IN? — 1) dimensional surface in
the parameter space given by the matrix entries. Clearly, SL(N) is an invariant subgroup in GL(N).

Problem 1.G.35: Show that GL(N) = SL(L) x GL(1) where the second group represents the center of general linear group.

So far we have not mentioned whether the space is real or complex. In it is necessary, the space type in mentioned
in the definition of the group, like GL(N,C) or GL(N,R). Clearly, the real group is a subgroup in the complex group,
and the latter requires twice more parameters. For example, GL(N,R) C GL(N,C), which is parametrized by N2
real numbers.

2. Orthogonal groups

Consider the subgroup of GL(N) formed by the orthogonal transformations. Such transformations form the or-
thogonal group O(N) given by the matrices

AAT=1  with AL =A (1.G.2)

ViR

where AT is the transposed matrix A. They leave invariant the Euclidean metrics ), z7.
The above equation means that the columns or rows form an orthogonal basis.

Problem 1.G.36: Show that the dimension of O(N) is (N — 1)N.

Taking the trace of both side of matrix equation (1.G.2), we get >, ; A7 = N, so that O(N) is a L(N - 1)N
dimensional surface on the (N2 — 1) dimensional sphere. Therefore it is a compact group.
From the other side, the matrix relations (1.G.2) imply that detA = +1 so that the group splits on two disjoint

parts. The detA = 1 part forms a subgroup called a special orthogonal group and denoted as SO(N).

Problem 1.G.37: Check that the SO(2) elements are parameterized by an angle, so that the group forms a cycle S*,

Ay = (cos¢ —sinqS) (1.G.3)

sing cos¢
Problem 1.G.38: Prove that SO(N) is a normal subgroup of O(N).

The structure of the O(N) differs for even and odd space dimensions Fix an orthogonal reflection R. It must obey
the relations detR = —1 and R? = I and generates the Z, group. Clearly, R maps between the two parts of the group
so that

O(N) = SO(N) U R SO(N). (1.G.4)
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. For odd values of N the simplest choice is R = —I when R belongs to the center of the group. This strengthens the
above relation to the direct product

O(N) = SO(N) x Zs. (1.G.5)

For even values of N any reflection does not commute with the whole group so that the following, more general
relation holds

Zy = O(N)/SO(N). (1.G.6)

Note that the above properties of the orthogonal groups are valid for real and complex spaces since the orthogonality
condition (1.G.2) is an analytic function on the matrix entries. So, although usually the real groups O(N,R) and
SO(N,R) are considered, their complex counterparts O(N,C) and SO(N, C) also matter.

3. Pseudo-orthogonal groups

Consider the (M + N)-dimensional pseudo-Euclidean space with the Minkowski metrics described by the signature
€iy
Bijzeiéijy 61:~-~:€M:17 €M+1:"':€M+N:_1- <1G7)
The pseudo-orthogonal group O(M, N) given by the linear maps which preserve Minkowski metrics:
ABAT = B. (1.G.8)
The above equation means that the columns or rows form an orthogonal basis in Minkowski space. In particular the
row square is give by
A+ Ay = Al — o~ Alyn =1 (1.G.9)

The dimension of O(M, N) coincides with the dimension of SO(M + N) and equals (N + M — 1)(N + M). It is
a noncompact group for M, N > 0.
Consider now the simplest case of the two dimensional Lorentz group O(1,1).

Problem 1.G.39: Prove that any O(1,1) element is expressed by the matrix

__ [e1cosh¢ ezsinh¢ . o
o (62 sinh ¢ €1 cosh ¢ with € ==*l. (1.G.10)

Consider the subgroup O (1,1), called proper Lorentz group, formed by the transformations

__ (cosh¢ sinh¢
Ay = <sinhqb cosh(b) (1.G.11)

Problem 1.G.40: 1) Verify that As, Ap, = Ap+¢, S0 that the OF(1,1) is isomorphic to R'. 2) Show that the O (1,1) is
invariant subgroup and
0(1,1)/0%(1,1) = Z2 X Za. (1.G.12)

Denote by P and T the space inversion and time reversal operators:
P = diag(1, -1), T = diag(—1,1). (1.G.13)

They generate the discrete Zs x Z5 subgroup. From the representation (1.G.10) we see that any element A € O(1,1)
can be written in the four possible ways:

A={A,, PA,, TA, PTA,}. (1.G.14)

Each of the four disjoint subsets is equivalent to R. The first and last parts form the subgroup SO(1,1) with unit
determinant.

The described picture is extended to the case of the Lorentz group in higher dimensions. It splits into four
noncompact disjoint parts with the proper Lorentz group being a connected component of the group unity,

O(1,N)=GUPGUTGU PTG, G =O0%(1,N). (1.G.15)
where the space inversion and time reversal operators are given now by

P =diag(1,-1,...,-1), T =diag(-1,1,...,1). (1.G.16)
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4. Unitary groups

Consider the subgroup of GL(N, C) formed by the unitary transformations. Such transformations form the unitary
group U(N) given by the matrices

AAY =T  with  Af, = A; (1.G.17)

Yk
where AT is the Hermitian conjugate of A. Since the above relation is not analytic, the unitary group is a real group.

Problem 1.G.41: Show that the dimension of U(N) is N2.

The above implies that ZZ j |A¢j|2 = N, which defines a sphere in the 2N2? dimensional real space. Hence, the
U(N) is a N? dimensional surface on the (2N? — 1) dimensional sphere. Like the orthogonal group, it is compact.

Furthermore, the matrix relations (1.G.17) imply that detA = e’® where ¢ is a real phase parameter.

The center of the unitary group consists of the matrices e?*/N I which, in fact, constitute the one dimensional group
U(1).

Fixing ¢ it to zero, which corresponds to the condition detA = 1, we arrive at the subgroup called a special unitary
group and denoted as SU(N). Due to elimination of the phase, it has one less dimension equal to N2 — 1. Clearly,
SU(N)=U(N)NSL(N,C).

The SU(2) group forms a three-dimensional sphere S? in R*, which follows from the explicit matrix representation
of its element,

A= (_‘2 f) with  [a* +[b* =1, a,beC. (1.G.18)

Problem 1.G.42: Prove the parametrization (1.G.18) for A € SU(2). Hint: Resolve explicitly the relations (1.G.1) and
(1.G.17).

Problem 1.G.43: Prove that U(N) = SU(N) x U(1).

The above task implies that SU(N) is a normal subgroup in U(N).

5. Symplectic groups
Consider the 2N dimensional phase space with coordinates and momenta. The canonical Poisson brackets are

where ¢ = 1,..., N. Defining a single phase space variable with z; = ¢; and x;4ny = p;, we rewrite the canonical
Poisson brackets in terms of the 2N x 2N symplectic (antisymmetric) metrics 2, given in block diagonal form

(zoa,} = Qi Q= (_OI é) . o——q (1.G.20)

In classical mechanics, the canonical transformations of phase space variables x; preserve the symplectic stricture, i.e.
the Q.

The linear canonical transformations form the symplectic group Sp(2N). In other words, Sp(2N) is defined by the
matrices obeying

AQAT =Q,  Detd=1. (1.G.21)

Problem 1.G.44: Show that Sp(2N) is formed by the transformations which preserve the skew-symmetric bilinear form
N
(@, 2") = (qpi — dipi)
i=1

Problem 1.G.45: Show that the dimension of Sp(2N) is (2N + 1)N.

Problem 1.G.46: Show that the Sp(2N) is not compact.
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Problem 1.G.47: Check that for N = 1, the second relation in (1.G.21) is automatically fulfilled. Check also the equivalence
Sp(2) = SL(2).

In the literature the same notation is applied often for the so-called unitary symplectic group. It is the compact
part of the complex symplectic group,

USp(N) = SU(2N)N Sp(2N,C). (1.G.22)
Problem 1.G.48: Show that the USp(NN) group as the Sp(N,R) is characterized by N(2N + 1) real parameters.

USp(N) is the subgroup of GL(n,H) (invertible quaternionic matrices) that preserves the standard hermitian form
on the N dimensional quaternionic space HV:

N
(z,y) = Zfﬂjyi, zi,y; € H. (1.G.23)
i=1

That is, USp(N) is just the quaternionic unitary group, U(N,H), so that it is sometimes called the hyperunitary
group. Clearly, USp(1) = SU(2).

6. Equivalence of low dimensional groups

Problem 1.G.49: Prove that SL(2,C) = SO(1,3) X Z2, where the Z> group in the center of the SL(2,C) formed by the
elements {£1}.

Problem 1.G.50: Prove the following relation between orthogonal and unitary groups

_ SU(2) x SU(2)

SO(4) 7

H. Lie groups

1. Smooth parametrization

More generally, a Lie group is a group that is also a N-dimensional smooth manifold, in which the group multipli-
cation and inversion are smooth maps. In fact, it is enough to require the smoothness of the single map G x G given
by (g1,92) = q195 ! The real and complez Lie groups are parameterized by the real and complex smooth manifolds
correspondingly.

It is convenient to use a parametrization with zero describing the group unity,

g(a) :g(ul,...,uN), g(0) =1, (1.H.1)

so that a is either from RY or CV. Then the product of any two group elements g(u) and g(v) is an element g(w) of
the group, where

g(u)g(v) = g(w) so that w = p(u,v) (1.H.2)

is a smooth function on the group parameters. Similarly, the inverse function ¥ (u) is defined by another smooth
function,

g(u)™! = g(¥(v)). (1.H.3)
Since g(0) = 1, they obey
o(u,0) = ¢(0,u) = u, ¥(0) = 0. (1.LH.4)
The associativity of the product and the inverse definition impose the following restrictions on the functions:
p(u, o(v, w)) = o(p(u,v),w), @ (u),v) = ¢(u,(v)) = 0. (LH.5)

Smooth groups satisfying the above requirements are referred to as Lie groups.
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2. Tangent space and structure constants

For sufficiently small values of the parameters u,w ~ ¢ we may apply a Teylor expansion to both functions ¢ and
1. We cut the series at the third order in e:

©F(u,v) = u® +oF + afjuivj +0(), o (u) = —u” + afjuiuj +0(e%), (1.H.6)
1 & 1 02
k_ L 07k _ 1t k
5 = 5 migpr ¥ (00) = 5555597 (0). (1.H.7)

=

Problem 1.H.51: Derive these relations. Hint: Apply the general Teylor expansion to the relations (1.H.5) and get the
corresponding restrictions for its coefficients.

The tangent space at the identity element of the Lie group acquires a linear structure. In particular, the commutator
of g(u) and g(v) can be defined for sufficiently small v and v. Using the Teylor series (1.H.6), we obtain up to the
third order term

©*(u,v) — (v, u) = cfjuivj +0(e¥) with k= afj - a?i, (1.H.8)

The tensor cf., called structure constants of the Lie group, is antisymmetric on the lower indexes: cfj = fcé?i. For the
abelian group it vanished. The structure constants obey the Jacobi identity, which is a consequence of the associativity
of the group product:

L s

CisCik + Cé’sCZi + Cicscfj =0. (1H9)

Problem 1.H.52: Prove the Jacobi identity (1.H.9). Hint: Apply twice the Teylor expansion of the product in (1.H.6) for the
left and right side of the associativity equation in (1.H.5).

We have defined in this way a Lie algebra being a tangent space on the Lie group at the unity.
In fact, the structure constants can be obtained without using the linear structure of the tangent space.

Problem 1.H.53: 1) Verify that the Teylor expansion of the adjoint action g(w) = g(u)g(v)g(u) ™' is given by

w® =" + cfjuivj +O(%).

-1

2) Verify that the Teylor expansion of the Lie group element g(w) = g(u)g(v)g(u) 'g(v)™" is given by

wh = cfjuivj +0(e%).

3. Adjoint representation

The adjoint representation of the group is defined on the tangent space at the group unity as a infinitesimal conjugate
action near the unity [see problem 1.A.1]

d, . - .
Adgx=@(ggo(t)g 1)L =gzg~',  x=§0(0). (1.H.10)

Literature

The definition of groups, representations, and their structure is presented in almost any book on the group theory.
The description on the representation of finite groups, characters of their irreducible representations and orthogonality,
regular representation etc. is well described in ( , ), ( , ), ( , ). The description of
the symmetric group and its representation mainly based on ( , ). For the description of the matrix
groups, Lie groups and algebras, see ( , ).
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Il. LIE ALGEBRAS
A. Structure and properties
1. Lie algebras from Lie groups

Actually, in section I.H we have studied the structure of the tangent space at the unity element of the Lie group.
We have observed that this linear space with the same dimension N is endowed by the commutator (1.H.8) inherited
from the group product. The commutator has been defined via the stricture constants of the Lie group obeying the
Jacobi identity.

More precisely, consider any curve g(u(t)) in the Lie group G passing through the unity at ¢ = 0 so that «(0) = 0.
Then the tangent vector at the unity is formed by all such vectors:

dg| _du| g

2= @l B = 1(0)9;9(0). (2.A.1)

=0

t=0

The elements of the tangent space can be presented in invariant form u = @‘x; with 2; = 9; being the basic vectors
along the coordinate directions. The commutator for infinitesimal group elements (1.H.8) provides the tangent space
with the following commutator

[, 0)" = cfjuibj so that [z, 2] = ci—“jxk. (2.A.2)

Then the Jacobi identity on the structure constants (1.H.9) can be rewritten in term of the commutators,
[, [0, ]} + [0, [w, 4]} + [w, [, 0]} = 0. (2.A.3)
Problem 2.A.1: Derive this identity using the relation (1.H.9).

2. Lie algebras, subalgebras and ideals

We have obtained all necessary ingredients for independent definition of the Lie algebra L. It is a vector space
equipped with the commutator, which is bilinear antisymmetric operation obeying the Jacobi identity:

[[a:,y], Z] + [[2733]’9] + Hyv Z],l‘] =0. (2-A~4)

In physics we deal with the compler and real Lie algebras. They have common features, but the structure of the
complex algebras is simper and more familiar.
The commutator of basic elements x; defines the tensor cfj called now the structure constants of the Lie algebra:

[z, 2] = cfjxk. (2.A.5)

Recall that the Jacobi identity puts a quadtatic relation (1.H.9) on them.

The subalgebra H C L is a subspace in L closed with respect to the commutator: [H, H| C H.

The ideal or invariant subalgebra I is a subalgebra of L obeying [I, L] C I.

Let a Lie algebra space is represented as a direct sum of the linear spaces of two its subalgebras. If both subalgebras
commute, [L1, Lo] = 0, then it is said that L is a direct sum of the Lie algebras L; and Lo.

More generally, if L; is an ideal in L, i.e. [L1,Ls] = Li, then a Lie algebra L is called their semidirect sum,
L=1L;® Ls.

3. Representations

A representation (p,V) of a Lie algebra L is a linear map & — p, which associates to any element x the linear
operator p, acting on the vector space V obeying

Play) = PaPy = PyPa- (2.A.6)

From any representation (pg, V') of the Lie group G, one can obtain a representation of corresponding Lie algebra by
taking the derivative at the group unity,

dp (t) .
Pz = dgt o Pao) z=g(0) € L. (2.A.7)
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Problem 2.A.2: Prove that a valid representation of the Lie algebra is produced in this way, i.e. the relation (2.A.6). Hint:
use one of the representations for the commutator in the group from the problem 1.H.53.

A representation is faithful if it separates the distinct elements of L.
the action of the Lie algebra by the commutator is a representation called an adjoint representation and mentioned
by ad or by the hat:

ad,y = 2y = [z, 9], x,y € L. (2.A.8)
Problem 2.A.3: Verify that the adjoint action obeys (2.A.6), i.e.
ad[g,y) = [adz, ady]. (2.A.9)
Hint: use the Jacobi identity.

Obviously, the adjoint representation of the Lie algebra can be obtained as an infinitesimal adjoint representation
of the underlying Lie group (1.H.10)

d
ad,y = @Adg(t)x’t:m (2.A.10)

where the smooth curve g(t) passes though the origin, g(0) = 1.

4. Killing metrics

The trace of products of two elements in the adjoint representation is a metrics called a Killing form or a Killing
metrics,

(z,y) = Triy, x,y € L. (2.A.11)
Its matrix in the chosen basis is given by
9ij = (mi, ;) = Tr&d; = clpcl. (2.A.12)
Problem 2.A.4: Derive the metric matrix (2.A.12).
The Killing form is invariant, i.e. obeys the relation
2(z,y) = (2z,y) + (z,2y) = 0. (2.A.13)
Problem 2.A.5: Establish the invariance of the Killing metrics. Hint: present (2.A.13) as
Tr(ad}; zjady) + Tr(adzadp, ) =0
and apply (2.A.9).
The invariance of the metrics g;; is equivalent to the complete antisymmetry of the tensor c;j, = céj gik- Indeed,
(525, 2k) = ¢y (T, T) = ¢l = Ciji- (2.A.14)
Then the identity (2.A.13) applied for the basic elements results in ¢;jx = —cik;:
(Ziwj, x) + (x5, Ziwg) = Cﬁjglk + clpgji = cijr + cing = 0, (2.A.15)

Together with c;;; = —cj;, this implies the total antisymmetry of the tensor c;jy.
The invariance of the metrics implies that the orthogonal complement I+ of any ideal I C L is also an ideal. Indeed,
using short schematic notations, we have

([L,I4),1) = (I, [I, L)) = (I, 1) = 0. (2.A.16)

In particular, all null vectors of the Killing metrics make up an ideal, which we mention by Ij.
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5. Solvable and nilpotent Lie algebras

We may construct the derived algebra L1 of a Lie algebra L spanned by the commutators of the elements of L.
Clearly, it forms an ideal. Formally we write

LW =L, 1. (2.A.17)
Starting with a Lie algebra, we may form a whole series of derived algebras. If we write for the kth derived algebra
LD —® 1M with  LO =L (2.A.18)

The chain of the embedded algebras
LoLW>L® 5 5Lk . (2.A.19)

is called the derived series of the Lie algebra L.
If the series ends up at some k with L(*) = 0, the algebra L is said to be a solvable Lie algebra.

Problem 2.A.6: Show that the Lie algebras formed by all upper triangular matrices are solvable.

Define another sequence of embedded ideals by the induction:

LR =Lk Lk, 1?2=LW =[L, L), (2.A.20)
L=L'>L*>...oLF>... (2.A.21)

It is called the descending central series or descending sequence of ideals. If the series terminates for some positive
integer k with L* = 0, then the Lie algebra L is called nilpotent.
A nilpotent Lie algebra is necessarily solvable, but a solvable Lie algebra need not be nilpotent.

Problem 2.A.7: Show that the Lie algebra formed by all upper triangular matrices with equal diagonal elements is nilpotent.

6. Simple and semisimple Lie algebras

A Lie algebra is said to be simple if it contains no proper ideals. It is said to be semisimple if it does not contain
nontrivial abelian ideals. A simple algebra is necessarily semisimple.

Theorem 1. A Lie algebra is semisimple if and only if its Killing form is nondegenerate.

Proof. Suppose a Lie algebra L is not semisimple, i.e. possesses a commutative ideal I which is spanned by the first
elements of the chosen basis in L. We distinguish I by attaching primes to the basic states: x;/. If we take the second
metric index from I, the Killing metrics will vanish:

’

!’ !
Gij’ = Cflcé‘/k = Cfl’cé/k' = Cfl’cé/k" =0. (2A22)

The first two identities above fulfil since N is ideal so [z}, x] = cg, pZr - The last identity is due to the commutativity
of the ideal I. Therefore, the matrix is degenerate.
The inverse statement is harder to prove and we only sketch the proof. Note that the null vectors of the Killing
form make up an ideal Iy = L*. In fact, it is not a noncommutative ideal we are looking for.
O

Proposition 2. For a simple complex Lie algebra any invariant metrics is a scalar multiple of the Killing form.

Proof. Indeed, any linear combination of two invariant metrics is again an invariant metrics. Thus, one can take
a combination with vanishing determinantL: det(g — ag1) = 0 for some complex «. Then the invariant metrics
g’ = g — agy would have a singular vector zg with (2, L) = 0. But the null space of the invariant form forms an ideal
I} in the Lie algebra. This can be proven in the same way as was established for the Killing form. Since the algebra
is simple, 1) must coincide with L. O
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B. Matrix Lie algebras
1. General Lie algebra

The matrices operating in N-dimensional space form a linear space endowed with the natural commutator [A, B] =
AB — BA. The corresponding Lie algebra is called a general linear algebra gl(n). Clearly, they describe the tangent
space at the identity point of GL(N).

Choose as a basic elements the N? matrices E; ; with a single nonzero entry at the intersection of the i-th row and
j-th column,

(Eij)vjr = didjyr,  1<4,j<N. (2.B.1)
Problem 2.B.8: Verify that E; ; form an algebra
EijEry = 6B (2.B.2)

Sometimes it is convenient to present these matrices in the Dirac bracket formalism where their algebra (2.B.2)
becomes evident:

E; ; =1i)(j]- (2.B.3)
The structure constants are defined by the commutator
[Eijs Era] = 0k Eiy — 01 B j- (2.B.4)
Proposition 3. The Killing form (2.A.12) for two matrices X,Y € gl(N) is reduced to the usual traces:
(X,Y) = TrXY = 2NtrXY — 2trX trY. (2.B.5)

Proof. Since tr AEy ; = Ay, for any matrix A, it is easy to see that

Tr XY = tr(E XY Ery), (2.B.6)
k,l

where the trace on the left part is taken in the adjoint representation but the trace on the right part is a usual matrix
trace. Using the cyclicity of the trace, we further simplify the trace (2.B.6):

TrXY =2 Ztr(El)kXYEk)l — B XEpY) = QNZ tr B XY —2 Z X Yu
k.l 1 k.l (2.B.7)
=2N tr XY — 2trX trY.

This derivation becomes more transparent if we apply the Dirac form for the basic matrices (2.B.3). For instance,

tr(ELkA) = tr(|l>(k|A) = <k|A|l> = A, (2.B.8)
(B AF, ;B) = (A GIBIL) = AyByr. (2.8.9)
O]

Since the I = 0, the identity matrix I = >, Eii is a null vector of the Killing metrics, (1, A) = 0 for any matrix A.
Using (2.B.5), one can easily deduce the metrics in the above basis

9ij,kl = (Ei,j7Ek,l) = QNCSil(Sjk - 26ij5kl- (ZBIO)

2. Special Lie algebra

Consider now the tangent space of SL(N) group. Substituting A = I + X into the unity determinant condition
(1.G.1), at the first order on € we come to the zero trace condition,

trX = 0. (2.B.11)
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Problem 2.B.9: Show that det(I +eX) =1 +¢eX + O(c?).

Since the commutator trace vanish, the condition (2.B.11) remains invariant under Lie algebra operations giving
rise to the special Lie algebra sl(N).

Problem 2.B.10: Show that gl(N) = sl(N) @ gl(1), where gl(1) is spanned by the identity matrix.

The Killing metrics simplifies for the sl/(N). Note one the basis of si(/N) contains one element less than the gl(N)
basis which can be set up to be the identity matrix I. The latter, however, disappears in the Killing form, so that
the Killing form of sI(N) and ¢gl(N) coincide. From the other side, due to the condition (2.B.11), the metrics (2.B.5)
is reduced to

(X,Y)=2NtrXY with X,V € si(N). (2.B.12)

Define now more conventional, orthogional basis for the si(IN) Lie algebra. The N(N — 1) off-diagonal matrices
E; j, i # j remain unhanded, and we have set NV —1 traceless diagonal matrices. The simplest choice are the elements
E;; — Ei11,+1 which are not orthogonal with respect to the Killing metrics. The orthogonal diagonal basis is

k
By =Y FBrx—kEppipr, k=1, ,N-1L (2.B.13)
i=1

We write down explicitly all nonzero scalar products between the basic states,

(Ei,ja Ej,i) =2N for i 7é j, (Ek,Ek) = 2Nk(k' + 1) (2B14)

3. Orthogonal Lie algebra

Consider now the infinitesimal generators of the SO(N) group. Substituting A = I 4+ eX into the orthogonality
condition (1.G.2), we see that the infinitesimal matrix must be antisymmetric at the first order,

X"T=-X so that Xij = 7Xﬂ (2B15)

Problem 2.B.11: Show that the antisymmetric matrices form a linear space closed under the commutator, while the symmetric
matrix space is not closed.

So, the antisymmetric matrices form an orthogonal Lie algebra so(N). Evidently, they obey belong to sl(N) because
their diagonal elements vanish, X;; = 0. They are described by the upper (or lower) diagonal elements of the matrix
so that as for the SO(N) group,

dim so(N) = %N(N —1). (2.B.16)
The simplest basis consists of the antisymmetric matrices
Lij=FE;; —FE;; with ¢<j. (2.B.17)
which are subjected to the commutation rules
[Lij, Lii]l = 0jkLig + 6uLljx — 6jLik — 0ixLjy. (2.B.18)
Problem 2.B.12: Verify the commutation relations (2.B.18).

Since the matrix trace of the product of the basic states is
tr Li,ij,l = _25ik5j17 (2,B.19)

where i < j and k < [, we have:

o 1 . 1 - 1 .
T XY = -3 ;tr(LMXYLkJ) =5 ;tr(El,kXYEk,l) -3 ;tr(Ek,lXYEkJ). (2.B.20)
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The first term on the right side is a half of the sl(N) Killing form, i.e. is Ntr XY. The second term is calculated
using the identity (2.B.9) and the skew-symmetry of X:

1 PN
) Ztr(Ek,lXYEkJ) = Ztr(Ek,lXEk,lY — Ek,lXYEkJ) = ZX”C}/“C — Ztr(XYEk,k)
k,l k,l k,l k

(2.B.21)
= —2trXY.
Inserting this into the expression (2.B.6), we get the Killing form for the orthogonal Lie algebra,
(X,Y) = (N —-2)tr XY. (2.B.22)
Using the identity (2.B.19), we see that the Killing metrics is negative and diagonal in Lij,
Gijkr = (Lij, Lig) = —2(N — 2)dirj. (2.B.23)

4. Unitary and special unitary Lie algebras

Consider now the infinitesimal generators of the U(N) and SU(N) groups. Substituting A = I 4+ X into the
unitary condition (1.G.17), we see that the X mist be shew-Hermitian at the first order,

+ _ *
XT=-X or Xij = -Xj;. (2.B.24)
Problem 2.B.13: Show that the skew-Hermitian matrices form a linear space closed under the commutator.

So, the skew-Hermitian matrices form an wunitary Lie algebra u(N). TIts subalgebra formed by traceless skew-
Hermitian matrices is called a special unitary Lie algebra su(N). Their dimensions, of course, are inherited from their
groups:

dimu(N) = N?,  dimsu(N)= N? - 1. (2.B.25)
The simplest u(N) basis consists of the matrices
oy 4, L,j=FE;; —Ej;, S@j = ’L(Ei)j + Ej7i) where i < j. (2.B.26)

The related su(N) basis as for the sl(N) case, is the same apart from the the diagonal elements which can be set
either to the ¢E; ; — +E;+1,,41 or to the 1y as is defined in (2.B.13):

E{ = ZEi, LiJ’ = E@j — E‘jﬂ'7 Si,j = Z(Ei,j + E]‘J‘), (2B27)
where the indexes i, j are restricted by ¢ < IV and i < j.
Problem 2.B.14: Derive the commutation relations among the basis elements (2.B.27).

Both algebras are real Lie algebras: u(N) = u(NV,R) and su(N) = su(N,R). Indeed, the complex analytic function
do nor survive under the Hermitian conjugate. The complexification of the unitary Lie algebras produce the linear
algebras

u(N)c = gl(N,C), su(N)c = sl(N,C). (2.B.28)
Problem 2.B.15: Prove the above isomorphisms. Hint: compare the basses of the corresponding algebras.

The correspondence between the unitary and linear algebras (2.B.28) makes similar their algebraic properties. In
particular, the decomposition u(N) = su(N) @ u(1) resembles the aforementioned splitting of the gl(N).

The correspondence (2.B.28) means that the form of the Killing metrics for u(N) or su(N) coincides with the forms
of the metrics for gl(N) (2.B.5) and sl(N) (2.B.12), respectively. The sI(N) basis (2.B.27) is orthogonal with respect
to the Killing metrics with the only nontrivial scalar products counting the lengths of the basic elements,

(E;,E;) = —2Nk(k + 1), (L 5, L; ;) = —4N, (Si,j,5:,;) = —4N, (2.B.29)

where 7 < j and & < N. So, the metrics is negatively defined.

Note that the basis (2.B.27) in the absence of the coefficient ¢ is an orthogonal basis of the sl(N,R). The Killing
metrics there has a positive signature on %N (N+1)—1 vectors and the negative signature on the remaining %N (N-1)
states.
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5. Pseudoorthogonal Lie algebra

Recall that the pseudoorthogonal group SO(M, N) preserves the generalized Minkowsli metrics B;; characterized
by the signature e; = +1 (1.G.7). The related Lie algebra so(M, N) called a pseudoorthogonal Lie algebra is given by
the matrices obeying

X"=-BXB or X] == —EZ‘Einj. (2B30)

Problem 2.B.16: 1) Show that such matrices form a linear space closed under the commutator. 2) Derive the relation (2.B.30)
from (1.G.8) for A =1 +eX.

Like the skew-symmetric matrices, they obey belong to sl(M + N) because their diagonal elements vanish, X;; = 0.
They are described by the upper (or lower) diagonal elements of the matrix so that as for the so(M + N) so that
1
dim so(M,N) = i(M—i-N)(M—i-N —-1).
The simplest basis consists of the antisymmetric matrices
Li,j = quJ — €jEj,i with < ] (2B31)
which are subjected to the commutation rules
[Li,j7 LkJ] = Bjk:Li,l + Bile,k - leLi,lc - BiijJ. (2.B.32)
Problem 2.B.17: Show that the matrices L;; satisfy the rule (2.B.30) and derive their commutation relations.
The Killing metrics is diagonal in the selected basis (2.B.31),
Gij,kl = (Liyj,LkJ) = 72(]\7 - 2)Ei6j(sik5jl. (2B33)
Problem 2.B.18: Derive the form of the Killings metrics (2.B.33) in the basic (2.B.31).

For the real so(M, N,R) algebra, the metrics contains M N positive signs and $M (M — 1) + 1 N(N — 1) negative
signs.

Note that the complex Lie pseudoorthogonal Lie algebras make no sense since they the are isomorphic to the
complex orthogonal algebra,

so(M,N,C) = so(M + N,C).

6. Symplectic Lie algebra

Recall that the symplectic group Sp(2N) is formed by the linear transformations of 2N dimensional space preserving
the skew-symmetric symplectic metrics €;;, defined by (1.G.20). The related Lie algebra sp(2N) called a symplectic
Lie algebra is given by the matrices obeying

XT=0QXQ or le' = eierij- (2B34)

Problem 2.B.19: 1) Show that such matrices form a linear space closed under the commutator. 2) Derive the relation (2.B.34)
from (1.G.21) for A=T+¢eX.

Applying the race to both sides of the first equation in (2.B.34) and using that Q% = —I, we come to the zero-trace
condition, trX = 0, for the sp(2NN) algebra. The latter becomes clear also from the following representation of the
general sp(2N) matrix X in the block diagonal form with N-dimensional matrices F', U and V:

F U T _ T
X—(V FT), U=U", V=V (2.B.35)

Problem 2.B.20: Prove the formula (2.B.35) for any X € sp(2N).
The dimension of the symplectic Lie algebra is given by the corresponding group dimension, so
dim sp(2N) = N(2N + 1).
The suitable basis is formed by the elements
Dij=Eij— Ejsni+N, Py =FEijan + Ejirn, Py =Eiyn;+ Ejini (2.B.36)

provided that all indexes are restricted by 4,5 < N.
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C. Invariant vector fields
1. Lie algebra of vector fields

As an example of the infinite dimensional Lie algebra consider the space of vector fields £ defined on a n-dimensional
smooth manifold M

; 0
E=¢ T (2.C.1)
They act on the functions f(z) = f(u1,...,un,),
£f =¢oif. (2.C.2)

A vector field induces a vector flow along its direction (a one-parametric transformation family) as the solution of the
system of the differential equations

&(t,up) = Ex(t, up), u(0,up) = ug. (2.C.3)
The flow operators
& ug = x(t,up). (2.C.4)

form the abelian group with the exponential rule &, 4+, = &, &:,, so that the relation transformation sometimes called
an exponential map. In fact, they act as true exponentials:

&u = exp(té)u = Z n—n'é"u (2.C.5)

=0
In particular, for £ = 9y this produces the map (u1,usg,...ux) = (u1 + t,ug, ... ux).
Problem 2.C.21: Show that the flow induced by the field 0, — x0, results in z — e**z in complex coordinates.
Suppose now we have two vector fields, £ and 7 on the same manifold.
Problem 2.C.22: Proof that the product of two vector files, £'n’ is not a tensor.

Nevertheless, the commutator of two vector fields defined also a vector field,

. . O 9Ei o
G- 06)f = €50, 'S0, = il oyf (2.C.6)
so that
i o’ 0¢!
[€&n]* = fjﬁ - le@~ (2.C.7)

The Jacobi equation follows immediately from the associativity of the operator product.
The commutator of two vector fields is expressed via the related infinitesimal one-parametric shifts,

&nr — e = [E, ]t + o(tT). (2.C.8)

Clearly, any smooth map of two manifolds, f : M — M’ induces a map of the vector fields,

L omt .
f=oE 2.C.9
Then the commutator of two vector fields maps to the commutator of their images,
fI&nl = [f& fnl. (2.C.10)

Problem 2.C.23: Prove the above relation. Hint: The map f is similar to the coordinate change.

Let a Lie group G acts on the manifold M. The action m — gm, where m is a manifold point and ¢ is a group
element, induces the map of the tangent vectors given by the Jacobian matrix dg. A vector field £ = &, on M is
called G-invariant if it is unchanged by the action of any group element, meaning

9€m = (dg)ém = &gm for all g € G and m € M. (2.C.11)
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2. Left invariant vector fields

Let now M = G and the group acts on itself by the left multiplication g(v) — g(u)g(v). A vector field is called left
invariant if it remains unchanged under the left multiplications:

€g(uyg(v) = 9(WEg(v) (2.C.12)

for any group elements g(u) and g(v) dependent on smooth group parameters. More precisely, the group action on
the vector is given by the Jacobian so that in the coordinate space we have

k u,v ;
& (plu,)) = 2200 Deiqy) (2.013)

Similarly, one can define a right invariant vector field.
The left invariant vector field induces a flow (2.C.3), (2.C.5) on the group manifold G. In particular, it maps the
unity element to some g;. Applying both sides of the equation (2.C.12) to the e, we obtain

gt = gt9o, 9o = €. (2.C.14)
The solution can be written formally in the form
gt = go exp(tx) with T = go. (2.C.15)
In more explicit form the both equations can be presented via the coordinates as follows:

k _ 8<pk(ut7 O) xi

g vl ’ ur = p(uo, exp(tx)), (2.C.16)

where the briefly denote the second group parameter by a single exponential, exp(tx) = (e!*,...,e!*~) with N being
the dimension of the Lie group G. Note that in the derivation the associativity condition on ¢ is used (1.H.5).

We see that the flow generated by the left invariant vector field on a Lie group is given by the right multiplication
on the exponential map.

Example 1: Consider the case of the GL(IN) group. The right multiplication induces the vector field action X —=
AX for all A€ GL(N) and any fixed X € gl(N). The solution to the system

has the exponential form in complete analogy of the general case considered above,
A = Agexp(tX). (2.C.18)

Proposition 4. The commutator [{,n] of two left invariant vector fields is also left invariant. The algebra of left
invariant vector fields of the Lie group is isomorphic to the corresponding Lie algebra.

Proof. O

3. Exponential map

We have defined a Lie algebra as a tangent space at the group unity point. In this context, the Lie algebras are
differentials of the Lie groups. But now we have realized that that the Lie algebra, in in its turn, can recover the Lie
group, at least at some neighboring of the unity element. The corresponding map is given by the usual exponential
function. Schematically the relation between the Lie group and Lie algebra can be described briefly by

L=dG|y=e and  G.=exp(L). (2.C.19)

Note that in the second equation we denoted by G. C G the connected component of the unity, i.e. all group element
which can be connected with the group unity e by a continuous curve in the parameter space. Clearly, G, has the
dimension of G.

Problem 2.C.24: Prove that the connected components G, is a normal subgroup in G.
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Consider now the exponential maps for the standard matrix groups.
Problem 2.C.25: Prove the identity for any matrix X
dete™ = ™¥. (2.C.20)
Hint: Map X by the matrix transformation SXS™* to a triangular form.

Exzample 2: The solution of the above problem implies that
explgl(N)] = GL(N), exp[sl(N)] = SL(N). (2.C.21)
Example 3: For the orthogonal and unitary algebras we have
exp[so(N)] = SO(N), exp[su(N)] = SU(N). (2.C.22)
Let us focus on su(N) consisting of skew-hermitian matrices X. Then
exp(X)" = exp(X ) = exp(—X) so that exp(X)texp(X) = 1. (2.C.23)

Since the SU(N) group is simple, it does not contain any normal subgroup, so the exponential map must produce
the whole group.

Example 4: For the Lorentz Lie algebra, the exponent gives rise to the proper Lorentz group,
exp[so(1,3)] = OT(1,3). (2.C.24)

The algebra so(1,3) consists of matrices obeying X™ = —BX B where Bis the Minkowski metrics. Since B? = I, we
have

AT = exp(X)” = exp(XT) = exp(—~BXB) = Bexp(—X)B = BA™'B. (2.C.25)

From the other side ...

D. Universal enveloping algebras

An important topic in Lie algebras studies and probably the main source of their appearance in applications is
representation of the Lie algebra. Recall that the representation assigns to any element x of a Lie algebra a linear
operator p,. The space of linear operators is not only a Lie algebra, but also an associative algebra and so one can
consider products pgp,. The main point to introduce the universal enveloping algebra is to study such products in
various representations of a Lie algebra. It appears that certain properties are universal for all representations. The
universal enveloping algebra is a way to grasp all such properties and only them.

1. Poincaré-Birkhoff-Witt theorem

Consider the associative algebra of polynomials in elements of the Lie algebra L where the commutator of any two
elements x,y € L is expressed, like in any representation, via the product as [x,y] = xy — yz. This algebra is called
a universal enveloping algebra of the Lie algebra U(L). It can be considered as an analogue of the group algebra for
the Lie algebras. Clearly, the dimension of U(L) is infinite.

First, it contains the unity 1. Next, the first order homogeneous polynomials a’z; are formed by the Lie algebra
itself with the basic elements z; € L. The second order homogeneous polynomials a%/ x;x; are not independent.
Instead, only the restricted sum with ¢ < j is independent since

Tjx; = x5 + c?i:ck. (2.D.1)

Continuing these steps by induction we arrive at the decomposition of any n-th order polynomial v € U(L) in terms
of the basic monomials.

u=a-+ Zaixi + Zaijxixj + Z a*rizio 4+ .+ Z at iy T (2.D.2)
i

i<j 1<j<k i< <ip
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This assertion called a Poincaré-Birkhoff- Witt theorem. Usually the basic monomials are written in the power product
form

xtey? . xhy, Z n; =n (2.D.3)

with the involved zero powers: n; =0,1,....

Problem 2.D.26: Show that the symmetrized products form another basis of U(L)

1
x(il.“in,) = — Z CL‘Z‘SI IiSQ .. .CCZ‘S” . (2D4)

2. Invariant tensors

So far, we have constructed an invariant metrics in adjoint representation using the trace. This constriction can be
generalised to covariant tensor of any rank n. Namely, it is easy to see that the tensor

is invariant, i.e. obeys the identity
Chi\ Giasin + ChinGirtin + -+ Chi Girig..1 =0 (2.D.6)

Problem 2.D.27: Prove the above identity. Hint: Show that the left side of (2.D.6) is equal to the trace of the commutator
which certainly vanishes: Tr [Z;, £, i - - - £i,,] = 0.

Moreover, since the adjoint action #; one the basic states x; is described by the matrix Cj - cfj/ the invariant
tensor is expressed in the matrix product form,
N e (2.D.7)

Givia..iyy = Ci1j1cizj2 *Vint

In case of nondegenerate metrics, a similar-type equation holds for the contravariant tensor obtained by the rising
the indexes with the inverse metrics

cir glizin 4 giaginlin |y oin ginizd () gitin = ghit | gining. (2.D.8)

For n = 2 the defined tensor is reduced to the Killing metrics which is symmetric. For higher ranks it is not so,
but we can symmetrize it

. 1
Y(ivia...in) — Trx(il...in) = ol Z i isy..isy, - (2~D~9)
" s€S,

Obviously, the symmetrized tensor is also invariant.
The invariant tensors (2.D.5) are defined so far in the adjoint representation. One can construct in the same way
the invariant tensors in arbitrary representation (p,V’) of the Lie algebra,

giplz‘Q,,,in =Try Py Priy - - - Py, - (QDIO)
The additive action of the representation matrix on such tensor vanishes:
[ l 1 .
pilgfm...in + phgfll__.in 4+ ..+ pingfm_“l =0 with  p = pg.. (2.D.11)

Problem 2.D.28: Prove the above identity.
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3. Casimir invariants

Imagine that the Killing metrics g;; (2.A.12) is nondegenerate. Let g/ = g~—' be the inverse metrics. Then the
second order Casimir operator Cy € U(L) commutes with the Lie algebra

[Cy, x1] = g% (ck Ci 1T + ¢ kle‘l) gijcék(a:lxj +zx) = gijglmcikm(xlxj +z,2) =0 (2.D.13)

Recall that the tensor c;i,, = cékglm is antisymmetric. Therefore, the term ¢%¢"™cikm is antisymmetric in [ < j
while the terms in parentheses is symmetric.

The higher order Casimir operators can be constructed by contracting the basic monomials with the contravariant
invariant tensors of the same order.

Theorem 2. The following n-the order Casimir element commutes with the Lie algebra,
Cp = ghi2ing, v oay [Cn, L] = 0. (2.D.14)

Proof. The x monomials in the expression of C), form the rank n covariant tensor under the adjoint action Z; of the
Lie algebra. And they are contracted with the contravariant tensor which must produce a scalar.

In more detail, let us calculate the commutator with the basic elements z; of L using the invariance condition
contravariant tensor (2.D.8),

11%2...9 ! !
[25,C) = g™ (cby mymiy o, 4+l mi o, ol T Ty 1)

., : ; (2.D.15)
( io.. l”ch —|—g“ l"Cm +. +gz112 Zn) iy Ly - .- Ti, = 0.

O

Note that the first order Casimir element vanishes for nondegenerate metrics since g, = ¢k, = cpij9% =

It was established that the Casimir elements (2.D.14) generate the whole center of the universal enveloping algebra
U(L). Moreover, for the first few C,, are independent, the higher Casimir elements are polynomially expressed via
them. For the simple Lie algebra, only the number of independent C,, coincides with the rank of the Lie algebra.

Finally we tone that the Casimir invariant can be contracted also in any representation from the corresponding
invariants (2.D.10). However, all they would be expressed via the invariants in the adjoint representation (2.D.14).

Problem 2.D.29: Construct an analogue of the (2.D.14) by means of the invariants (2.D.10) and prove that they commute
with the Lie algebra. Hint: use the relation (2.D.11).

4. Exponents

The infinite powers series like the Teylor expansion do not belong to the universal enveloping algebra U(L). However,
we can consider them in certain context as a formal power series without focusing on their convergence which can be
considered in concrete representations.

Among the infinite power series, a special role has the exponential functions on Lie algebra elements since they are
convergent in almost all cases,

exp(a Z % zeL. (2.D.16)

From the other viewpoint, we have observed already that the exponential maps the Lie algebra to the Lie group.

Proposition 5. For any two Lie algebra elements x,y € L we have the identity

N 1
eye = fy =y + o,y + 5l e yl) + - (2.D.17)
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Proof. The above equation is verified on any order of power series on both sides. Using the expansion (2.D.16) it is
easy to show that the identity (2.D.17) splits in n-th order to the following equation

Gy = En: (Z) aFy(—2)" % with (Z) = (k'(:'_k)' (2.D.18)

k=0 :

being the Newton binomial coefficient. This formula is reminiscent of the binomial identity and it is easily proven by
induction. O

Problem 2.D.30: Prove by induction the above formula.

5. Coproduct

As we said before, the algebra U(L) gathers the universal properties of all representations of the Lie algebra L.
Including into the game the tensor product representations, we need to introduce the means to describe the universal
tensor products, which can be applied to any representation. This mean is the coproduct.

The coproduct A provides the associative algebra homomorphism from U(L) to the tensor product U(L) @ U(L)
first by setting it up to the element of Lie algebra by

Alz)=2z1+1x, (2.D.19)
then by extending it by induction to the whole enveloping algebra by requiring the homomorphism,
A(l)=1®1, A(ab) = A(a)A(b). (2.D.20)

The relation (2.D.19) is interpreted as the additivity of the Lie algebra action.

Note that the algebra equipped by a coproduct (with some additional structures which we do not touch here) is
called a Hopf algebra.

For higher order monomial the coproduct becomes more complicate. For example,

n

A" =3 (Z) @k, el (2.D.21)

k=0
Problem 2.D.31: Prove by induction the above formula.

Any element a € U(L) has a general comultiplication form
Ala) =Y aV ®al®. (2.D.22)
i
However, the exponential of Lie algebra element possesses a quite simple and nics coproduct. Using the derived
formula (2.D.21) and the homomorphism rule (2.D.20), we immediately get:
A(e®) =€e" ®e”, x € L. (2.D.23)

This means that the group action on the product representation is multiplicative.

6. Baker-Campbell-Hausdorff formula
As soon as exp(x) is associated with the group element for x € L, the product of such exponentials must be also
the group element which must be presented as a single exponent:
exp(z) = exp(z) exp(y), zelL if z,yelL. (2.D.24)

In general, z is expressed as a infinite power series of commutators including two elements x and y. The corresponding
formula is very complicate and called a Baker-Campbell-Hausdorff formula.

F2 F3
2= 2(,y) =log[e®e’] =F — o+ = — ..., (2.D.25)
‘ 1 D.
F=e'e —1=aty+ay+(@+y?)+...

2

Up to up to the second order, we have z =z + y + %[w, y]. A nontrivial result is that
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Lemma 5. The element z(x,y) belongs to the Lie algebra L.

Proof. The roof is as nice as the lemma itself, and we we just outline the steps. First, it is easy to see that the
coproduct acts on z as on the Lie algebra elements (2.D.19). Such elements are called primitive. Indeed,

Ae®e?) = A(e®)A(eY) = e®e? ® e’ = (e"e’ ® 1)(1 @ e”eY). (2.D.26)
Hence,
A(z) =log[(e”e? ® 1)(1®e%eY)] =log(e”e’) @1+ 1®log(e®e’) =201+ 1® z. (2.D.27)

Therefore, the element z is primitive.

The next fact is that all primitive elements form U (L) belong to the Lie algebra L. This can be shown in any order
term in the decomposition of universal enveloping algebra element (2.D.2). For example, consider the second-order
element v and suppose that it is primitive. Decompose it through the basic elements u = Zz j ct x;x;. Without any
restriction, one can suppose that the tensor ¢ is symmetric. Then it is easy to see that this condition implies that
the following equation holds:

E e, @z =0.
4,3

Since all terms in this decomposition are independent, the coefficients c* must vanish, so we get v = 0. The steps
can be further extended to any k > 2 order.

O
Problem 2.D.32: Calculate the Baker-Campbell-Hausdorff expansion up to the third order:
1 1
= wty+ 3lo g+ o (ol + s [y, 2]): (2.D.28)
Literature
The properties of Lie algebra, the matrix Lie algebras are described in ( , ), ( , ), ( ,
). A universal enveloping Lie algebra, its structure and casimir invariants are well described in ( , ).

11l. SEMISIMPLE LIE ALGEBRAS
A. Structure

1. Cartan subalgebra

We define first the notion of Cartan subalgebra. This is a maximal abelian subalgebra of g such that all its elements
are diagonalisable (hence simultaneously diagonalisable) in the adjoint representation. That such an algebra exists is
non trivial and must be established, but we shall admit it. This Cartan subalgebra is non unique, but one may prove
that two distinct choices are related by an automorphism of the algebra.

Choose the basis h; for the Cartan subalgebra H. Then they will commute also in the adjoint representation:

[hi,h;] =0,  [ads,,ady,] =0,  i=1,2,...,1. (3.A.1)

We may thus diagonalise simultaneously these ady,. The subalgebra H produces the zero eigenvectors with vanishing
eigenvalue. Complete them to make a basis by finding a set of eigenvectors e, linearly independent of the h;,

adp,eq = [hi, ea] = aieq (3.A.2)

with the a; not all vanishing, otherwise the subalgebra H would not be maximal.
In these expressions, the a; are eigenvalues of the operators ady,. Since we chose them Hermitian, their eigenvalues
are real. By linearity, for an arbitrary element of h € H written as

adpeq = [h,eq] = a(h)eq, h=12'h; (3.A.3)

and the eigenvalue of ad,, on e, is a(h) = z'q;, which is a linear form on H. The linear forms on a vector space H is
called the dual space H*. One may thus consider the root « as a vector of the dual space of H, hence o« € H*, the
root space. Note that a(h;) = a;.
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2. Dual Cartan subspace

Since the h; are diagonalisable, the total number of their eigenvectors must be equal to the dimension of the space,
here the dimension of the adjoint representation, i.e. of the Lie algebra. We denote by A the set of all roots.
In the basis h;, e4 of L, the Killing form takes a simple form

(hiyeq) =0, (eas€3) =0 unless a+ 5 =0. (3.A.4)

Actually, both equations follows from the invariance of the Killing form, according to which the total H-eigenvalue
of both arguments in the form must vanish. More precisely, for any h € H with «a(h) # 0 we have

a(h)(hi,eq) = (hi, [hyeq]) = ([hi, h],ea) = 0. (3.A.5)
Choosing a(h) # 0, we get the first relation. For the second relation becomes evident from the following identity:

(a(h) + B(h))(eas e5) = ([h; €al; €5) + (€a; [, €5]) = 0. (3.A.6)

From the second relation in (3.A.4) and nondegeneracy of the Cartan metrics it follows that the root +« enters in
the root system A together.

The restriction of this form to the Cartan subalgebra is non-degenerate, otherwise the null vector hg there, (hg, H) =
0, would be a null vector in entire space, (hg, L) = 0 due to (3.A.4). Therefore, the Killing form induces an isomorphism
between H and H*: to any root o € H* one associates the unique vector h, € H such that

(ha,h) = a(h) Vh € H. (3.A.7)
One has also a bilinear form on H* inherited from the Killing form

(@, B) = (ha, hg) = a(hg) = B(ha). (3.A.8)

Note also that due to the signature change by a coordinate map x; — x;, one can choose an orthonormal basis on
the Cartan subalgebra: (h;, h;) = d;;.

In is easy to show that roots span the whole space H*, or, equivalently, the Cartan subalgebra elements h,, span
the whole subalgebra. Indeed, suppose that the general combination ) A caha does not span H so that there is an
element h € H orthogonal to any h,. Then it commutes with any e, since

[h,ea] = a(h)eq = (h, ha)eq = 0. (3.A.9)

Therefore, the nontrivial vector h belongs to the center of the Lie algebra, which contradicts with the semisimplicity
condition.

3. Cartan-Weyl basis

Evidently, the entire algebra decomposes into the sum of the root spaces and Cartan subalgebra, which we consider
here as a generalized root space for vanishing root:

L= QB Lo, Lo=H. (3.A.10)
ae{A,0}

The following commutation relation between the generalized root eigenspaces become apparent after applying the
operator ady, for any h € H on both sides and using (2.A.8) and (3.A.3),

[La,Lﬁ} C La+5. (3.A.11)

Take any two elements e,, € L, and e_, € L_, such that (eq,e_,) # 0. Such an element must exist since otherwise,
from (3.23), e, would be a singular vector for the Cartan metrics. Normalise the scalar product by rescaling the root
vectors to the canonical form,

(ea,€—a) = 1. (3.A.12)
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Owing to the invariance of the Cartan metrics (2.A.13), we have
([ease—al, h) = (e [e—as h]) = a(h). (3.A.13)
Combining with (3.A.11) we get

[ease—a] = ha. (3.A.14)

The most important step is to show that the eigenspaces L, which gather all root vectors of a given root a are
actually one dimensional. Consider the subspace of the algebra spanned as

L= o®Ly®Loo®...0 Lga, (3.A.15)

where k is the largest multiple of the root « that can occur in the root system. The crucial observation id that this
subspace is invariant with respect to the action of ad._, ad.__ and adj_. In that case the commutation relation can
be restricted to the subspace L.,. Restricting it, and taking the trace on the subspace one obtains

0=—1+dim L, + 2dim Lo, + ... + dim L, (3.A.16)
which fixes
dimL, =1, dimLg, =0 for k>1. (3.A.17)

We have used the vanishing of the commutator’s trace and the definition (3.A.7) with h = h,. Eventually we reach
to the following simple decomposition for the subspace (3.A.15)

L, =e_,®eq. (3.A.18)

Note that the restriction of the metrics on the Cartan subspace can be madden a positive definite. Indeed, for
any h € H, the operator ad;, in the adjoint representation has a block diagonal form. Each pair of the root vectors
(e, e—q) forms a separate block, and the Cartan subalgebra forms a vanishing block. It is easy to derive in this way
the restriction of the Cartan form on H:

(h,ha) =) a(hy)a(hs) (3.A.19)

acA

Substituting h, and hg instead of h; and hy one can rewrite above formula in terms of the products in the root
space:

(@,8) = (a,7)(,8). (3.A.20)

yeA
We summarize the results in the following statements.
1. The root spaces L, are nondegenerate.
2. For any root «a, the ka is another root only when k = +1.

3. The canonical basis is formes by the elements h; and e, withi =1,2,...,] and o € A obeying the commutation
rules:

Ng.geatrp if a+ f is a root,

[hi, hj] =0, [hiyeq] = alh;)eq, lea,es] = < hg, ifa+pB=0, (3.A.21)
0 otherwize.

(hi, hj) = (5”-, (ea, 6@) = 5a+ﬁ,0~ (3.A.22)
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4. Roots and reflection groups

For a fixed root «a, the root vectors ey, together with the Cartan subalgebra element h,, form a sl(2, C) subalgebra.
It is easy to see from Egs. (3.A.8), (3.A.21) that the normalized elements

Ba (3.A.23)

form the standard ladder basis there:
[s2,54] = 54, [s4,8-] = 2s;. (3.A.24)

This subalgebra operates on entire algebra L by means of the adjoint action. So, one can apply the representation
theory of the sl(2,C) algebra in order to study the properties of the root system in L.
First of all, the finite dimensionality of L demands that the eigenvalues of s, must to be half-integers:

ad,_eg = gkeg, keZ (3.A.25)
Substituting the last equation (3.A.23) and the definitions (3.A.7), (3.A.8) and the formulas (3.A.21), we arrive at

the following condition on the roots:
2(ev, B)

(a, )

k= {a,pB)= e’ (3.A.26)
The (a, #) is conversional notation for this integral, and it is neither symmetric nor linear in the first argument.
Since the roles of a and S are interchangeable the above equation implies that

2
cos® 05 = (1) k1k2, (3.A.27)

(a,0)(B,8) 4

where 6,3 is the angle between the roots o and 8, and kq and ko are integers. The equation (3.A.27) is the sought-for
requirement on the finiteness of the Lie algebra. It looks like a kind of quantization condition. It implies that the

only angles between roots are those with cos@ = 0, :I:%, j:§7 +1. Excluding the trivial case of +1 corresponding to
the trivial cases of to the same a = 8 or opposite a = —f roots, this yields the possible angle values

T 2r 3w bw
O =—,—, =, =, —,—, —. 3.A.28
P 764323476 ( )

The possible square-length rations of any two roots are restricted to

11
~,5,1,2,3. A2
3727 ) 73 (3 9)

5. Long and short roots

For a particular root system either all roots have the same lengths, or there are long roots and short roots. In the
latter case, their ratio is either 3 or 2. The existence of roots with three or more distinct lengths is forbidden since in
that case the ratio 2/3 does not occur in (3.A.29).

All roots of a given length are conjugate under the Weyl group W. Let « and 8 be roots of the same root length,
la] = |B]. We may assume («, 3) > 0. If they are distinct, then the value for the integrals (3.A.26) is fixes to one:
(ar, B) = (B, ) = 1. Therefore,

spa = a — 3, saff =0 — «a, (3.A.30)
which implies
5083500 = $a83(f —a) = sa(—a) =« (3.A.31)

so that the Weyl group element w = 5,535, maps 3 and a.
Thus, we have established

Lemma 6. For a given Lie algebra at most two lengths occur in the root system /. All roots of a same length are in
the same orbit under the Weyl group action W.
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6. Spin algebra action

More detailed look at the root vectors which participate in this sl(2,C) representation will reveal the hidden
structure of the root system. For simplicity consider the case then a4 3 is not a root providing that [es,eg] = 0.
This means that the eg is the highest state for the adjoint action of the Lie algebra (3.A.23). The lower states are
obtained by the successive action of the e_:

fro =adl__es. (3.A.32)
Applying the induction step on k, it is easy to derive the following rising action on the defines states,
ade, fe41 = (k+1) (o, B — 3ka) fr. (3.A.33)
It is clear that fr11 = 0 if and only if the coefficient in front of fj vanishes, which leads to the expression obtained
in (3.A.26) for k. Thus, we have the chain of root 8, § —a, 8 —2q, ..., f — ka with the constructed root vectors fo,
fi, ..., fx, correspondingly. Amazingly, the last and the fist roots in this chain are related by the reflection in the
root space H* [see equation (1.F.1) in the section devoted to the reflection groups]:
2(a, B)

B —ka =s.0 with k= (3.A.34)

(a, )
Moreover, the entire chain remains invariant with respect to the « reflection. It is easy to see that
sa(B—ja) =B~ (k—jla, 0<j <k, (3.A.35)

i.e. the j-th root is mapped to the (k — j)-th one.

Now take any root . Applying the rising adjoint action of the vector e, on e, we will produce the string of roots
in the same way until reaching the highest root 8 = v + pa for some positive p. Then the above procedure is repeated
till the lowest non-vanishing root

Saf = 877 — pa. (3.A.36)

We argue in this way that the Weyl group W formed by all root reflections s, leaves invariant the set of roots A
of a semisimple Lie algebra L.

As a by product of the proof we established that for any two roots a and ~y all intermediate elements in the chain
between v and s,y are also roots:

2
{(y=Ka, v—(F —Da, ...,v} €A, K = (a’f}/). (3.A.37)

We summarize the obtained results in the following statements ...

7. Positive roots

According to the previous studies, the root system A of the Lie algebra defines a finite reflection group W. The
normalised roots of A produce the root set R of the reflection group. This is not a one-to-one correspondence: two
different Lie algebra may have s common normalized root set R due to differences in the lengths. From the other side,
there are reflection groups which do not correspond to any semisimple Lie algebra. However, most of the properties of
both systems are similar. In particular, the definition of Weyl chambers, positive and simple roots are automatically
transferred to the Lie algebra case.

T Tm T
2737476
Namely, we say that the root « is positive if its first nonzero coeflicient is nonzero: «(h;) > 0 provided that

a(hj) > 0 for all j < i. The ordering is evidently not unique and depends on the choice of the orthogonal basis in H
but its properties are commonly described. The entire set decouple into equal positive and negative parts:

A=ALUA_. (3.A.39)

o (3.A.38)

Clearly, if the root « is positive, then the —« is a negative root and vise versa.
One can introduce a well defined a lexicographic ordering between the roots in the following way: we say that o >
if a— 3 >0.
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8. Simple roots

A root « is called simple if it is positive and cannot be expressed as the sum of positive roots. We denote the set
of simple roots by II.

It is easily seen that every positive root @ > 0 can be expressed as a sum of the simple roots a; € II with positive
integral coefficients:

o= Zniai, o; €I, n; €Z,. (3.A.40)

The positive roots space the entire dual Cartan space H*. This fact follows from the partition of the roots into
positive and negative parts (3.A.39). However, the basis formed by the positive roots is highly overcomplicated as we
will show latter. The most important property of simple roots is that they provide a natural basis in the dual Cartan
space so that any element A € H* decomposes into them as

l
A=) ciai,  a;€ll, I=dimH. (3.A.41)
i=1

To establish this property, it enough to prove that the simple roots are linearly independent.
First we note that the scalar product of two distinct simple roots is nonpositive:

(ai,aj) <0, G, 05 € II, 75 7 (3A42)

In order to demonstrate this, let look at the chain of roots constructed in Eq. (3.A.37) between «; and Sq 4. If
(e, aj) > 0 then the penultimate root in that chain would be «; — a;; which contradicts with the simplicity of «;.
Suppose now that a certain linear combination of the simple roots vanishes:

A= Z cio; =0 a; €11 (3A43)

We split it into the sum with positive and negative coefficients, A = Ay — A_, where A+ involves the terms with
positive (negative) coefficients only:

)\+ = Zci+ai+7 Al =— Zcifaif, c; > 0. (3A44)
iy i

Since the dual subspace of the Cartan subalgebra is Euclidean, we have: (A4, A;) > 0. From the other side, using
the property (3.A.42), we obtain that

A A) == ca (a0 ) >0. (3.A.45)
i
So, the requirement A = 0 imposes the condition A+ = 0. But a linear combination of positive roots with positive

coefficients cannot vanish, since each term has its first nonzero element positive, The same argument works for negative
roots too. As a consequence, all coefficients ¢; must vanish, which completes the proof.

9. Cartan matrix

The Cartan matrix is defined via the scalar products of the simple roots in the following way:
oy — 20:%)

ooy (3.A.46)

Note that this matrix is not a priori symmetric.

By definition, the diagonal elements equal two, c;; = 2, while the off-diagonal entries are nonpositive integers due
to the equations (3.A.26) and (3.A.42).

The quantised angles for the simple roots is more restrictive than for the general root established above [see equation
(3.A.27)]. Rewrite the scalar product in terms of the vector lengths and the angle,

(a, @) = 2|a||ey| cos 05 with  |oy| = v/ (i, i),  0ij = Oa,a,- (3.A.47)



48

In contrast to the generic case, the acute angles between simple root are forbidden. Then from equation (3.A.46), we
obtain the angle and the length ration of the simple roots,

cosb;; = —%,/cijcﬁ, AN (3.A.48)
i -

The straight angle 6;; = 7 is also excluded due to the positivity of both roots. Therefore, the off-diagonal entries
of the matrix ¢;; may take only the values 0, —1, —2 or —3. Thus, the only possible values of the cosf are 0, —%,

fg and fé. And the only possible angles between simple roots are 7, Zr 37 and %’T. The ratios of lengths are

30 4
respectively equal to 1, v/2 and /3.
A single algebra of rank I = 1 is the si(2,C) algebra, which will be called below A;. Its Cartan matrix is one
dimensional: C'4, = 2. There are only three simple (not semisimple!) algebras of rank | = 2 with the Cartan matrices

2 -1 2 =2 2 -3
- (3 (A7) (i) s

B. Classification of simple Lie algebras

For a given semisimple Lie algebra L, we have constructed a set of simple roots IT in the dual space of the Cartan
subalgebra. Amagzingly, it turned out that having a simple root system, one can recover completely the structure of
the algebra. In other words, II it encodes the whole L so that

There is a one-to-one correspondence between the sets of simple roots and the semisimple Lie algebras.

It is easy to see that for decomposable simple-root systems, the simple roots in the two orthogonal subsystems
commute (p and q are zero for all pairs), and the entire system of roots splits into two commuting subsets.

In general, if the set of roots may be split into two mutually orthogonal subsets,

M=1,UllL, (,B8)=0 ifacll, Bell. (3.B.1)

Each subsystem II;, along with the Cartan generators associated with the subspace it spans, forms an invariant
subalgebra. Recalling that any semi-simple algebra may be decomposed into the direct sum of simple subalgebras.
It can be shown that the Lie algebra associated with such a decomposable root system is not simple and decomposes
into a direct sum of two algebras generated by II; and P,. The opposite statement is also true. Therefore,
there is a one-to-one correspondence between the sets of indecomposable simple roots and the simple Lie algebras.
Therefore, the classification of the simple complex Lie algebras is reduced to the classification of the simple root
systems which can not be split into two orthogonal subsets.

1. Dynkin diagram

So far, we have classified the indecomposable simple root sets in one and two dimensions [ = 1,2. For higher
dimension of the root space, it becomes difficult to visualise the root system. Another representation is adopted, by
encoding the Cartan matrix into a diagram in the following way.

A soon as the off-diagonal elements of the Cartan matrix take specific With each simple root is associated a vertex of
the diagram. Two different vertices (i # j) are linked by an edge if they are not orthogonal to each other: (a;,c;) # 0.
The edge is simple if ¢;; = ¢;; = —1, which corresponds to the angle of 27/3 and equal lengths. It is double if ¢;; = —2
and ¢;; = —1, producing the angle of 37/4 with a length ratio of /2. The triple link describes the entries ¢;; = —3
and c¢;; = —1. It gives rise to an angle of 57/6 with a length ratio of V3. Finally, the double and triple links carries
an arrow from ¢ to j indicating which root is the longest.

In this context, the Cartan matrices of the rank two algebras (3.A.49) are drawn as

Ay: —@ By : &€= G2 =9

The described graphical description can be summarised as follows.

Definition. The Dynkin diagram associated with a complex semi-simple Lie algebra of rank [ is a graph with [ nodes,
each node corresponding to one of the simple roots. The i-th and j-th node, i # j, are connected by the

Nij = CijCjs = 4 cos? 0i; (3.B.2)
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edges. If two nodes are connected by more than one edge then an arrow is added in the direction of the shorter root.
If two nodes are connected by only one edge, then no arrow is added.

Proposition 6. The Dynkin diagram of a simple Lie algebra is a connected tree (without loops) with exactly | — 1
links.

Proof. If the diagram decomposes into two disconnected components, then the simple roots can be split into two
orthogonal sets IT; and IIs. The root system A also splits into two orthogonal subsystems A; and As generated by
the corresponding simple roots.

Consider the element from the dual Cartan algebra

l

Q;
A=

i=1

Then

AN =1+ w and thus Y Haioy) (3.B.3)

< laillay]

due to the positivity of the metrics. Supposing for instance that |a;| > |a;| and using the Cartan matrix definition
(3.A.46), we get that each term in the second sum is bounded from below by —c¢;;:

—Cij- (3B4)

Inserting both relations into the inequality (3.B.3), we come to the conclusion that possible values of off-diagonal
elements are restricted by

> e <i-1. (3.B.5)
i<j
Since the only nonzero off-diagonal entries of ¢;; being equal to {—1, —2, —3}, the total amount of links in the Dynkin
diagram does not exceed | — 1. Together with connectivity, it implies that the diagram is tree-type without internal
cycles. O

Proposition 7. In a diagram each vertex meets at most three lines.

Proof. Suppose that the simple roots o, as,...ax, k < I, are connected to the root ¢;. Since the diagram do not
contain loops, the first k roots are orthogonal to the last one: ¢;; = 0 for any ¢ < k. Denote by aq (not a simple root!)
the vector A spanned by the k + 1 roots a;, as, ... ag, a; and being orthogonal to a; for i < k: (ag, ;). Then

k
Zcos2 0 = 1. (3.B.6)
i=0
Since the above set is linearly independent then (o, cg) # 0 so that
k -1
43 “cos Oy = mi <4, (3.B.7)
i=1 i=1

where n;; is the number of links between i-th and j-th nodes of the diagram (3.B.2). O

Proposition 8. The diagrams depicted on figure 1 can not be part of the Dynkin diagram.

Theorem 3. A finite dimensional complex simple Lie algebra is described by a Dynkin diagram from the list in figure
2.
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FIG. 1 Forbidden subdiagrams.

2. Chevalley generators

In this basis the Cartan matrix is appeared explicitly in the commutation relations. We redefine the orthogonal
basis in the Cartan subalgebra taking instead a basis associated with the simple roots. The related lowering-rising
vectors in L are normalised according to

2 2
hi:haia eizieai fizie,ai, ’L:].,,l
(% (%

Their commutation relations read
[his hil =0, [hise5] = cijey,  [ha il = —cify, lea i3] = digha (3.B.8)
There are additional relations inside, separately, the lowering and the rising generators, which are called Serre relations:
i 1—cq; . .
adij “ii(e;) =0, ad “(f) =0, i#j. (3.B.9)

This proves that the whole algebra is indeed encoded in the Cartan matrix or Dynkin diagram. Note also the
remarkable property that in that basis, all the structure constants are integers.

3. Weyl group

Consider the irreducible root system A. Let the vector p is the half sum of all positive roots:
_1 > (3.B.10)
=5 a. .B.
aEAL

Evidently, it is not a root. For the simplicity, let shorten the notation for the Weyl reflection with respect to the
hyperplane defined by the simple root as follows

i = Sq- (3.B.11)
Lemma 7. The reflection s; permutes all positive roots except a; itself. Its action on p is rather simple: s;p = p— «;.

Proof. Indeed, s;a is also a root. a =, noy; with n; > 0 Then the reflection with respect to any simple root o acts
on it as L]

Lemma 8. Take a subset o, ,q, ..., a4, (not necessarily distinct), p < I from the simple roots. If the root =
Siy - .. 8i,_ 4, 1s negative (B € A_) then for some p’ < p we will have

Siq o e Sip = Sy - Sip, 5ip’+l ce Sip—l . (3B12)
Proof. O

Corollary 2. Let w = s;, ...s;, be an expression for the Wey group element w € W in terms of refections simple
roots, with p as small as possible. Then the root 8 = wa;, is negative: 3 € A_.
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For any root a € A, there exists some Weyl group elements w € W mapping it to a simple root, wa € II.
Recall now that at most two root lengths occur among all roots A.

Proposition 9. For every root B € A there exists a simple root o; and a sequence of simple reflections s;,, ..., s;,
whose composition carries  to o;.

Proof. Suppose first that the root is positive: 8 € A. Define the height of a positive root 3 = >, k;a; as the sum of
the coefficients k;. Clearly, the positive root is simple iff its height is one. From the other side, there exists a simple
root «; obeying (a;, 8) > 0, otherwise

(8,8) = Zki(ai,ﬁ) <0, (3.B.13)

which contradicts with the positivity of the Cartan metrics. The related reflection would reduce the height of S by
the integral number (a;, ) > 1. Clearly s;5 would be a positive root since only the i-th coefficient of 8 changes.
Applying this procedure recursively, we will arrive finally at a simple root a; so that

Sig ... 888 = 0 = 8jsi, ... Si,8i(—P). (3.B.14)
A o—o—O -o0——0—0 1>1
aq a2 a3 aj—2 -1 (7]

B o0 e —e——® 1>2
i Qa2 asg Q2 Q-1 (7]

C e—eo —o o—e—<—» >3

o1 2 a3 Q2 Qp-1 ay
ap—1
Dy o— o e >4
i Qs as Q-3 Q-2 ap
@ Qg
Eg ® e} e} O ®
(€3] Q2 6% iy Qs
@ (7
FEr ® L L ® ® ®
a1 a2 a3 Q4 Qs (675
[ Je%]
Es e e ) o ) ) )
aq (6] a3 Qg a5 (675 (0%

Fy ® e——» °

ai Qa2 Qas Qy
Go e—<—»
a1 (6]

FIG. 2 Dynkin diagrams for the finite dimensional complex simple Lie algebras.
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The second equation above assures the statement for a negative root 5 € A_, where the additional simple reflection
s; is needed. O

Note that since the Weyl group is an orthogonal transformation, for any root and any element w € VW we have:
Swa = WSaw L. (3.B.15)
As a consequence of the proven proposition, the simple reflections solely generate the whole Weyl group W. A reduced

expression for w is its factorization as a product of k£ simple reflections w = s18s...sg, where k is minimal. This
minimal number is called the length of w.

4. Generators
On the simple roots, the action of generators (3.B.11) takes the following form:

SiQ; = Q5 — Cj Q. (3B16)

S2 = 1, §iS5 = S;554 if Qi = 0 (3B17)

(SiSj)mij =1 with mi; = E ) ;é] (SBIS)

5. Maximal root

Recall that every root a € A is an integer combination of the [ simple roots «; with all coefficients non-negative (a
positive root), or with all coefficients nonpositive (negative root). We write a > 0 in the first case, and o < 0 in the
second case. This defines a partial order on the roots by

1
a=pF ifandonlyif a— 8= Z kio; with k; > 0. (3.B.19)

i=1
The order in partial which means that not all rotts can be compared in this way.
Lemma 9. There is a unique mazimal oot 7y in the root system A.

Proof. Choose ay =, k;a; so that it is maximal among all roots that it is comparable to. At least one of the k; > 0.
We claim that all the k; > 0. Indeed, suppose not. This partitions the set of simple roots II into II;, the subset of
II for which k; > 0 and Ils, the subset for which k; = 0. Now the scalar product of any two distinct simple roots is
nonpositive. In particular, (a;, «;) < 01if ¢ € II; and j € Iy so that (v, a;) < 0. The irreducibility of the simple root
system II implies that the straight inequality holds at lest for two pair of indexes which we set to be 7, j again. This
implies that (7, ;) < 0. In its turn, this means that the reflected root s;7 is greater than ~

sy =7 — (@i, V) = 7, (3.B.20)

which contradicts with the maximality condition. So we have proved that the subset Ils is empty all the k; are
positive. Furthermore, this same argument shows that (v, «;) > 0 for all simple roots ;. We will now show that this
maximal root is unique.

Suppose there were two maximal roots v and v'. Write 7 = >, kia; with k] > 0. Then clearly (y,7’) > 0 since
(v, ;) > 0 and the inequality holds at least for one i. Then since s,7' is a root it follows that all the members of the
root chain from s,v’ to 7/ must be also roots including the element 5 = +" —~. But if 3 is a root, it is either positive
or negative, contradicting the maximality of v or +/, correspondingly. O
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6. Dual Coxeter number

The coefficients k; in the decomposition of the maximal root over the simple roots (3.B.21) are called the marks.

!
v = Zkiai, k; € N. (3.B.21)
i=1
The dual Coxeter number is defined as
1
g= ; 5 (@i 0k +1. (3.B.22)
Literature

The properties of semisimple Lie algebra, the Dynkin classification is given in detail in ( , ), see also ( ,
). ( , ), ( , ). A brief description with examples of the Cartan-Weyl basis is given in

( » 1986).

IV. QUANTUM GROUPS
A. Hopf algebras
1. Coalgebras and bialgebras

Consider a rela associative algebra A, although all results remain true for the complex algebras too. At the starting
point we denote by m: A ® A — A the multiplication map whose associativity can be written as follows:

A A® A
(ab)c = a(be) or AR A AR A . (4.A.1)
\ )
Clearly, a unit for the algebra defines a map n : R — A with
nla)=a-1, aeR. (4.A.2)
with multiplicative property described by the following diagram
A A A A
n(a)a = an(a) = aa or n®1T X 1®nT x . (4.A.3)
RoA=A4A ARR=A

A coalgebra is a dual analog of this construction. It is a vector space endowed with the comultiplication A : A —
A® A and counity € : A — R. Both maps are linear and dual, respectively, to the multiplication and unity maps of
the algebra.

The comultiplication obeys the coassociativity property, which can be described by the commutative diagram
obtained from the diagram (4.A.1) by reversing the arrows:

A A® A
Ala;) ® a' = a; ® A(a’) or A A A A (4.A.4)
N A
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Respectively, the counity obeys the counitarity property, described by inversion of the unity diagram:

A A A® A
e(a;)a’ = ae(a’) = a or 6®1J/ y 1®ei y (4.A.5)
RoA=A A®R=A

A bialgebra is an algebra with coalgebra structure. It is endowed by the multiplication m, comultiplication A, unity
1 and counity € maps, which satisfy all of the commutative diagrams (4.A.1), (4.A.4) (4.A.3), (4.A.5), provided that
the comultiplication and counity are algebra homomorphisms. The last condition implies the following compatibility
equations holding for all a,b € A:

A(ab) = A(a)A(b), A(l)=1®1, e(ab) = e(a)e(d), e(l) = 1. (4.A.6)

2. Hopf algebras

Consider the space of linear maps f : A — A on the bialgebra A

flaa+ Bb) = af(a) + Bf(D), a,B€ER, abe A (4.A.7)
Define there the convolution product by the formula
Fef =m(Fef)A o (fxf)@)= fa)f (@). (1A.8)

Problem 4.A.1: Prove that the product * is associative.
Problem 4.A.2: Prove that the composite map
L. . IL(a) =n(e(a)) (4.A.9)
is the unity in the star product:
Loxf=f*xI.=f (4.A.10)
Hint: Use the coassosiativity and the counity definition.
Note that the convolution product differs from the operator product (or matrix product). Therefore, the identity
elements I, of the convolution map does not coincide with the identity transformation of the algebra A: I, # I 4. As
a linear operator, I, is highly degenerate.

A Hopf algebra A is a bialgebra where the identity map [ 4 is invertible for the convolution product. The inverse
S = 1—21 is called an antipode.

Problem 4.A.3: 1) Express the identity (4.A.10) as a commutativity of the following diagrams:

n n

A—= R A A—°" >R A (4.A.11)
R T
ARA—2° - AgA A® A skl AR A
The defining property of the antipode can also be expressed via the identity
S(a;)a’ = a;S(a") = e(a) - 1, Ya € A. (4.A.12)
S=8x%Iyqx1I,)=S8x (4.A.13)

Exzample 5: A universal enveloping algebra U(L) over a Lie algebra L, described in Sect. II1.D in detail, is a Hopf
algebra with the standard additive comultiplication (2.D.19). The counity vanishes on nontrivial monomials: ¢(L¥) = 0
for k > 1. The antipode is given by the extension of the inverse map S(z) = —x for any « € L.

Ezxzample 6: Consider the real (or complex) group algebra R[G] over the group G, described in Sect. I.C.2 in detail.
It is a Hopf algebra with comultiplication given by the standard group action Ag = g X g for any g € G. The antipode
on the group elements is just the inverse map: S(g) = g~!, while the counity vanishes for all group entries excepts
the unity: €(g) = 4. These three operations are extended to whole group algebra R[G] by linearity.

Problem 4.A.4: Prove exactly that the group algebra R[G] and Lie algebra L with the above defined comultiplication, counity
and antipode satisfies the Hopf algebra conditions.



%)

3. Action on representation products

The counity is just the trivial one-dimensional ”vacuum” representation of the Hopf algebra,
al0) = €(a)|0). (4.A.14)
The counitarity means that its product does not change a representation,
V@ Vo=V, (4.A.15)

The antipode permits to create a conjugate representation (p*, V') from any representation (p, V') using the matrix
transpose or hermitian conjugate

Pa = Psay:  Pab = Palb- (4.A.16)

The antipode property means that the product of a representation with its conjugate always contains a trivial repres-
netation,

PRP =edpdp ... (4.A.17)

4. Adjoint representation

The Hopf algebra A provides the tools for defining an adjoint representation of the algebra on itself. We define the
adjoint action by

ab = ad,b = a;bS(a"). (4.A.18)
Lemma 10. The action (4.A.18) obeys the representation rule.

Proof. We must ensure that for any two elements a, b of the Hopf algebra we have
ady, = adgadp. (4.A.19)

Acting by the right part of the above rule to an arbitrary element ¢ of the algebra A, we reproduce this operator
identity:

abe = aibjeS(H)S(a") = a;b;cS(a't’) = adgpe. (4.A.20)
In the last equation we have used the homomorphism property of the coproduct,

A(ab) = A(a)A(b) = a;b; @ a'b’. (4.A.21)

B. Quantum universal enveloping algebras
1. g-deformed U(sl2) algebra

As was shown, the universal enveloping algebra U(L) over any Lie algebra L can be endowed with a natural Hopf
algebra structure. It appeared this Hopf algebra can be deformed in a nontrivial way for any semisimple Lie algebras.
The deformation coefficient g can be associated with the Plank constant by ¢ = exp(%) so that in the classical limit
h — 0 it reduces to the usual nondeformed case with ¢ = 1.

Such deformations are called quantum groups or, more precisely, quantized universal enveloping algebras and denoted
as Uy (L).

First consider the simplest case of the complex Lie algebra U,(slz) which is defined by the three basic elements e
and h. We deform their commutation relations in the following way,

[h,ex] = +2eq,
q¢°® —q~ % sinhhzx (4.B.1)

erel = (b, with [l = T =Tl
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Next, deform the standard Lie algebra coproduct in the following way
Ay =h@1+1®h,  Ales) =er®q¢*" + ¢ " @ey. (4.B.2)

Note that in the last equation we admit the infinite power series which formally is out of the U(sly). Identities
involving such series are supposed true if they are fulfilled at any order. They are treated as formal power series
without studding their convergence, although the exponentials converges in all realizable representations.

The infinite series can be avoided if we include the exponential generator k£ with its inverse instead of h.

kEL = gF3h (4.B.3)

The commutation relations (4.B.1) are written in terms of new generators as follows:

k2 _ 2
kesk ™ = ¢tley, leq,e]=——7 (4.B.4)
q—4q
The coproduct is given by
Ak)=k®k,  Alex)=es1@k+k '®@ey. (4.B.5)
The antipode is also deformed and defined by
Slet) = —qler,  S(h)=-h or S(k*!)=kTL (4.B.6)
The county remains the same as in the Lie algebra.
elex) =€(h) =0, so that e(k) = k. (4.B.7)

Lemma 11. The generators (4.B.1) or (4.B.5) form a Hopf algebra Uy(sly) with the coproduct (4.B.2), antipode
(4.B.6) and countity (4.B.7).

Proof. First check that the comultiplication is an homomorphism [see equations (4.A.6)]. We verify the most compli-
cated commutator, the remaining commutators are easier to check. Thus, we have

(K> -k )@k +k 2o (k*—k7?)
q—q!

[Ales), Ale)] = e, e | @k + k2R [ey,e_] =

4.B.8
_k2®k2—k*2®k*2_A(k:2—k_2)_A([h]) ( )
q—q7! q—q7! “
Here the mixed commutators disappear. For example,
ey ®Fk, El e e ] = etk P @ke. — ke ®e k=0 (4.B.9)
due to the first relation in the system (4.B.4).
Next let us check the first antipode property (4.A.12) for a = ey:
S(a;)a’ = S(ex)k+ S(k™Ver = —¢Flesk + kex = 0. (4.B.10)
The second relation can be verified in same way. The case of a = k is evident.
The counitarity condition (4.A.5) is verified trivially. O

2. Deformation of simple Lie algebras

Now we will describe the quantum universal enveloping algebra U, (L) associated with general simple Lie algebra
L. We construct the deformation of the Chevalley generators h;, ex; of the algebra L defined in the section II1.B.2.
The deformation of their commutation relations (3.B.8) looks like

[hishil =0, [hisex)] = £eijes;,  [eqie—j] = 0i5lhiqg,- (4B.11)
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They are quite simple extension of ones for the simplest case of L = sl;. Remember that the integral numbers c;; form
the Cartan matrix of L provided by its Dynkin scheme. The numbers ¢; depend on a single deformation parameter g,

g = gl (4.B.12)

We have, however the Serre relations (3.B.9) among positive and negative generators, which need to be deformed
too. They can be written via the g-deformed adjoint action which we will do below. Currently, we give their explicit
form here:

l—aij
S (-1 F _ka”] e e ek =0, i#]. (4.B.13)
k=0 qi

The g-deformed binomial coefficients here are expressed in the same way as the usual binomial coefficient, except that
the factorial function is replaced by the quantum factorial:

m :M (n]y! = [nlgln — g [Uq, (4.B.14)

and the function [z], is defined in (4.B.1).
1

The coproduct is defined by the equations
in; —1p,
Ahi) =hi@1+1®@h;,  Alexi) =exi ®@q7  +¢q; " Dex, (4.B.15)
The counit, and antipode are described by the maps

e(hi) = elex;) =0,  S(hi)=—hi,  Slexs) = —q ey, (4.B.16)

Literature

The quantum groups and Hopf algebras are described in detail in the book ( , ).

V. CLIFFORD ALGEBRAS AND SPINORS
A. Spinless fermions
1. Fermionic oscillator algebra

We imagine n spinless electrons with the creation and destruction operators obeying the anticommutation rules

{ai,a;} = {aj‘,a;f} =0, {a},a;} = &, (5.A.1)
where we have used the curved bracket for the anticommutator of two operators: {a,b} = ab+ ba. It is well knows
from the quantum field theory that the operators aijE are associated with i-th fermion, and the operator n; = ajai
describes the number of i-th particle.

The relations (5.A.1) are appeared in the quantum field theory as a fermionic oscillator algebra. Tts anticommutative
part generated by the annihilation operators a; is called a Grassman algebra.

Consider a 2-dimensional representation of the fermionic oscillator algebra spanned by the vacuum state |Q2),
which annihilates all a; and produces all other states under action of a; :

a;|Q) =0, i1 ... 1p) :a+...a?;|ﬂ> with 41 < -+ <ip. (5.A.2)

i1

Problem 5.A.1: Show that the state |i1...ip) contains p fermions.

1 quantum factorials [n]g,! of the form utilised here were defined by Heine in 1846!
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2. lrreducible representation

Proposition 10. The representation (5.A.2) is a unique irreducible representation of the fermionic oscillator algebra.

Proof. Use the anticommutation relations it is easy to conclude that the following subspace Vj of the representation
space V annihilates under the action of the creation operators:

Vo=aj ... a]+\,V, a;rVO =0. (5.A.3)

First we notice that Vy does not vanish. Overwise, acting on it by the annihilation operator a; we conclude that

the subspace aj ...a}; vanished too

0=aVo=(1—afar)as...afV=a...alV+(D)Nal...afaiV =0 ...a}V. (5.A.4)

Continuing by the successive actions of aso,...ay we come to the conclusion that V = 0.
Let the basic vectors, describing different vacua, |€2,), span the space Vj. It is easy to see that the 2%V dimensional
subspaces V; generates by these vacua, remain invariant under the action of the whole algebra:

Vi=a; ...a;)|Q),  aiViC V. (5.A.5)

The only possibility compatible with the irreducibility is the uniqueness of the vacuum state, producing the represen-
tation (5.A.2).

O

B. Clifford algebras

1. Euclidean and Minkowskian Dirac matrices

Let us briefly describe the construction of the spinorial representations for the orthogonal groups. They can not
be obtained from tensor products of the defining representations. However, there is an explicit way to find the
generators in this representations via the Clifford algebra. The latter is the algebra generated by the N elements

Yo = V1,72, - - -, YN, Obeying the anticommutation relations
20" Euclidean case
HoAY} = AP + 4P4H = , 5.B.1
05" =" 40" {277‘“’ Minkowskian case, ( )
where we chose the Minkowski metrics as
N = diag(l,-1,...,-1). (5.B.2)

Here the existence of the unity element on the right part is supposed so that, for instance, the following notations are
equivalent: 0*¥ = §*¥ -1 = oM 1.

For complex Clifford algebra all metric signatures become equivalent after the phase rescaling v* — y* of some
generators. Here we will restrict the discussion to real Clifford algebras with Minkowskian and Euclidean signatures
so that we adopt two notations for the first element since the index value ¢ = 0 is the conventional choice for the time
coordinate in Minkowskian space-time. Note that the Minkowskian and Euclidean Clifford algebras are mapped to
each other by the change v° — 17°.

The extension to arbitrary signatures is possible.

Problem 5.B.2: Show that the defining relation (5.B.1) remains invariant with respect to the orthogonal and pseudoorthogonal
transformations for the Euclidean and Minkowskian Clifford algebras, respectively:

Y=Y Ay, A€O(N) or A€O(1,N). (5.B.3)
J

Define the anti-symmetrized products

1
yrebe = gl ]l = o D s,y A (5.B.4)
’ sESy
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where € is the rank-p Levi-Civita tensor. They form the (JZ ) dimensional space. All such products with p =1,... N

together with the identity matrix span the entire Clifford algebra in 2V dimensions.

Moreover, the elements +1, +4*, £v*¥, ... form a finite group of order 2V 1. Every representation of a finite group
can be made unitary by a similarity transformation. So, we assume that all gamma matrices are unitary. Then it
follows from the Clifford algebra (5.B.1) that all v’s are Hermitian, except 7°, which is anti-Hermitian in Minkowski
signature:

(YH)F = gt — fy(‘; . for El.lclidean.metri?s gt = oM, (5.B.5)
voyH~Y  for Minkowski metrics g** = nt”.
It follows from the algebra that the product of odd number of gamma matrices are traceless,
tryHr Loyt =0, p=1,35..., p<N-1 (5.B.6)

Problem 5.B.3: Proof the above trace identity. Hint: Take v which does not participate in the product and calculate the
trace try”~#1 ... y#P~Y first by using the cyclicity, second, by applying the anticommutation relations among ~*.

Taking trace to (5.B.1), we get
tryHy” = Ngh”, (5.B.7)

where g"” is either Euclidean 6#¥ or Minkowski n*¥ metrics dependent on the Clifford algebra choice. Moreover,
using the cyclicity property, one can calculate a trace of the product of any even number of gamma matrices. It is
expressed via the metrics tensor.

Problem 5.B.4: Calculate trace of the product of four gamma matrices, try*~y”~y?~°.

2. Even and odd NV

Consider the (rescaled) product of all Clifford algebra generators. For odd N, it commutes with all v* while for
even N it anticommutes with them:

N=2n+1: Nt 4] =0

N+1 _ y, 0.1 N-1
~y =My oyt T 0<u<N-1, (5.B.8)
N =2n: {ANHL 41} =0

n=1 (Minkowski
L (Min 'ovvs ian) (5.B.9)

™ (Euclidean)

The phase factor A is chosen to assure that

V2 =1, (VT =N (5.B.10)

Problem 5.B.5: Verify the relations (5.B.10). Hint: Check the identities for the Euclidean case:
N(N—1) "
=(-1)" 2 =(-1D".
According to Schur lemma, in an irreducible representation of odd-dimensional Clifford algebra, the element -y
must be multiple of the identity. Taking into account (5.B.10), we conclude that the corresponding factor must be
+1:

(v ..AN)?

N+1

N = 2n + 1, irreducible representation : AN = 41, (5.B.11)
For even NV, the introduced element defines a projectors

14N
T+ = 9 ’Yi =%+, YxY7F =0. (5.B.12)
Problem 5.B.6: Check

1) that v+ satisfy the above equations.

2) their relations with other Dirac matrices:

Pyx = vy".
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3. Pauli matrix representation for even N

There is a simple real representation of the even-dimensional Clifford algebra in terms of the tensor products of the
Pauli matrices, which, hence, represents also the Majorana fermions.
In Euclidean case, we have:
n

,yzz':1®...®1®01®g3®...®0320§i+1) H Uéj)’

i n—i—1 J=it2
| " ‘ (5.B.13)
P =19 818020030 - ®oy =0y D ] of,
\_v_/ L
i n—i—1 J=it2
where the matrix o) acts on the j-th space of the tensor product and n = % in accordance with (5.B.8).
In Minkowski signature, the matrix v° differs by a factor of 2 producing
Y=w01®030...00; (5.B.14)
and the other 7* for k =1,..., N — 1 remain unchanged.
The chilarily gamma matrix is expressed as
nA0 N—1 : ;
N4l YLy in Euclidean case
= = 03R...Q03. 5.B.15
{z”lfyo ...4yN=1 in Minkowski case N 3 ( )

In the Euclidean case all matrices 4* are Hermitian. For Minkowski metrics, all are Hermitian besides the ~°, which
is anti-Herminian.

Problem 5.B.7: Check:
1) Euclidean Clifford algebra anticommutation rules for the representation (5.B.13).
2) Minkowski anticommutation rules when ~° is replaced by (5.B.14).

Ezxzample 7: As an example, consider the simplest case of N = 2. The Clifford algebra representation (5.B3.13) is
described by the first two Pauli matrices: 7° = oy and 4! = 05, whereas the chirality gamma matrix is given by

3 =10100 = —03.
All three y-matrices anticommute together, and the Clifford algebra coincides with the Pauli matrix algebra.
Example 8: Next, we consider the N = 4 case with Minkowski metrics, where we have the following representation:
0 =101 ® o3, v =0y ® o3, Y =1Qo01, ¥ =1® os. (5.B.16)

The chirality gamma matrix is given by

7’ =1’y = o3 @03,

4. Spinless fermion representation for even N

In even dimension, N = 2n, the Euclidean Clifford algebra generators has the following representation in terms of
the fermion operators afﬁ with ¢ = 0,...,n — 1, obeying the Fermi-Dirac statistics (5.A.1),

T = y(a; — al). (5.B.17)

2] _ . +
Y 7a’j+aj’ 0 J

The inverse relations are
A2 4 g2+

ai = — (5.B.18)
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Problem 5.B.8: Verify that:
1) the operators v* obey the anticommutation rules (5.B.1);
2) the fermion number and parity operators are given by

1 — 22041
ni =aja; = % (5.B.19)
pi = (-1)" = 172j72j+1. (5.B.20)

The using the representations (5.B.18) and (5.B.13), one can express the fermion operators via the Pauli matrices.
The corresponding map is known as a Jordan- Wigner transformation and demonstrates the nonlocality of fermion
creation-annihilation operators:

L0 TT LW _ oty 5.B.21
a;_, =0y jgrlog ; fo 5 (5.B.21)

For Minkowskian Clifford algebra the formula for the generator 4 in (5.B.17) must be replaced by the expression

7 = —1(ao + ag) (5.B.22)

with the related change in all subsequent formulas.

5. Irreducible representations: even and odd N

Let us classify the irreducible representations of Clifford algebras. The classification scheme is rather simple: they
are almost unique with a difference between an odd and even values of dimension.

For even dimensions, N = 2n, the gamma matrix algebra is mapped to the fermionic oscillator algebra with n
particles, so their irreducible representations also match. The irreducible representation of the fermionic algebra is
unique and form 2"-dimensional space [see proposition 10].

For odd dimensions, N = 2n + 1, as we have seen (5.B.11), the V! takes two values equal to o = £1. Using
them, one can express one generator, say v ! in terms of the others. For instance, for Euclidean algebra, we have:

AN = (=) NAN=2 40, (5.B.23)

Thus we arrive at the irreducible representation of the N = 2n Clifford algebra described already. Thus, for N = 2n+1,
there are two nonequivalent representations, each characterised by the value of 0 = +1 and having the dimension 2".
So, we have established the the fundamental theorem of Dirac matrices:

Theorem 4. For even N = 2n all irreducible representations of the Clifford algebra are equivalent. For odd N = 2n+1
there are two inequivalent irreducible representations, inherited from the N = 2n case, each characterized by the value
+1 of the central element yNt1. All representations are given by the Dirac matrices of dimension d = 2™.

Similarly, the Puli matrix representation in odd dimension, N = 2n + 1, is inherited from the even N — 1 case
(5.B.13). For for definiteness, consider the Euclidean metrics and distinct the odd/even cases by denoting the Clifford
algebra elements in odd dimension by capital letters. Then

n n
[2 = 4% = UYH) H Ugj) T2+l — 2041 Uéﬂl) H Uéj) 0<i<n-1
Jj=i+2 j=i+2
o1 (5.B.24)
[2n — 420 — H 0';(;])7 2042 = (427)2 = 1.
=0
The last equation there defines a chirality matrix with square equal to the identity, o = 1.
Problem 5.B.9: Construct a Pauli matrix representation of the odd-dimensional Clifford algebra with ¢ = —1. Hint: Look

at the next example.
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Ezample 9: In N = 3 dimension the first two gamma matrices are inherited from the two-dimensional case [see
example 7] while the last one is determined by the chilality matrix:

=0, I = oy, I? = —os. (5.B.25)
The I’V is given by the identity matrix with o = 1:
I =% = (03)? = I.

In order to get a second irreducible representation with o = —1, it is enough to change a sign of one gamma matrix,
say, of I'2. Thus, the two representations parameterized by o = +1 are given by

=0, ' = oy, I? = —0o3. (5.B.26)

Problem 5.B.10: Write explicitly the Pauli matrix representation of Euclidean five-dimensional Clifford algebra. Hint: use a
Euclidean analog of the example 8.

6. Charge conjugation

In this subsection we will deal only with even dimensional Clifford algebras, N = 2n, which include also the usual
four dimensional space-time with Minkowski metrics.

First we notice that if v* are irreducible representation of the Clifford algebra, so are the representations defined by
—~#, by the transposed matrices +(v*)7, as well as complex conjugates +(v*)* and Hermitian conjugates 4(y*)*.
Indeed, it is easy to see that all them satisfy the Clifford algebra defining relations (5.B.1).

Problem 5.B.11: Why, for instance, ()" are irreducible if 4* are so?

Due to theorem 4, all these representations are equivalent for even N, which is our case. In particular, there exists
a matrix C which one may call the charge conjugation matrix, which intertwines between the representations v* and

=)
(v")* = —Cy*C ™. (5.B.27)
Consider now the N-dimensional Dirac equation in electromagnetic field A, = A, (z)
V(10 — eAu) = map, (5.B.28)

where ) = () is the space-time dependent spinor field with mass m and electromagnetic charge e.
Using the charge conjugate matrix, one can construct another spinor

P = oy, (5.B.29)
which solves the Dirac equation with the opposite charge —e:
(D, + e A )P = myl©). (5.B.30)

Problem 5.B.12: Verify the equation (5.B.30) for the wavefunction (5.B.29) using the definition of charge conjugate matrix
(5.B.27).

Remember now that the Clifford algebra elements may be set to be (anti)Hermitian according to the relation
(5.B.5). To exploit this property, first take a transpose of the equation (5.B.27) and get the first equation in the chain
below,

(V)T = CTHHCTHT, A =6, 0T ()TC, (v")7 = e.CHy"C7, (5.B.31)
where we have denoted

€y = —MNupu = 1.

The second equation in (5.B.31) is just a transposed version of the first one. The last identity s just the inverse of the
second one. Comparing the first identity with the last one, we conclude that the matrix C~'C7 commuted with the
Clifford algebra elements and therefore, according to the Schur lemma, must be a multiple of identity, which must be
set to A = +1,

CICTyH = 4RC7ICT,  CT = £C. (5.B.32)
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Problem 5.B.13: Show that C™ = AC implies A = +1 for even dimensions N and A\ = 1 for odd N. Hint: Take a double
transpose of C'.

So, the charge conjugate matrix is either symmetric or antisymmetric.
Now let us wort with the complex conjugate of the matrix C' in a similar way Taking the complex conjugate of the
equation (5.B.27) and applying it again, we get
= (C*C)yyM(Cro) (5.B.33)
We realise that the matrix C*C commutes with the Dirac matrices and must therefore, according to the Schur lemma,

be proportional to the identity matrix: C*C = nl. So, one can rescale C' such that |n| = 1. It can be shown that one
can set it to be real and thus n = +1. Its value is independent upon the representation of the Clifford algebra chosen.

7. Charge conjugation in Pauli matrix representation

In particular, consider the sigma matrix representation of the Euclidean Dirac matrices (5.B.13). It is easy to see
that the gamma matrices with even indexes are real while they with odd indexes are pure imaginary due to a single
09 Pauli matrix in their product,

(721')* — ,}/21" (72i+1)* — _72i+1. (5B34)
Consider the following two candidates for the charge conjugation matrix:

C+:0'2®0'1®0'2®0'1®...,

(5.B.35)
C_.=01Q030301R02R...,
where we have n = % terms in the product.
Problem 5.B.14: Verify that both matrices C+ satisfy the relations
Ct=0y=0C1', OL=(-1)""*c,, (5.B.36)
These matrices obey the following relation with gamma matrices, which is easy to verify,
CiyfCL = F(—1)Nthqk, (5.B.37)

Indeed, take, for example, the C, case, which contains o2 at odd positions, and o7 — at even ones. Since both
anticommute with o3, we acquire a sign factor (—1)"~*~! both for k = 2i and k = 2i+ 1. The additional factors (—1)°
and (—1)"1, respectively, for 4% and 4?**t! appear due to o1 and o9 terms in the product (5.B.13) so that we have:

Cin®Cy = ()" H =1y = (=1)" 1%, (5.B.38)
C+,y2i+1c+ _ (71)n7i71<71)i+172i+1 _ (71)n72i+1’ e
which can be unified in a single relation (5.B.37).

Problem 5.B.15: Check the relation (5.B.37) for C_.

Using the relations (5.B.37), (5.B.34), we conclude that for odd values of n, the matrix C' = C; satisfy the charge
conjugation condition (5.B.27). For even n, one must take C' = C_ instead. Recall that the dimension of the Clifford
algebra is even: N = 2n.

C. Spinors and (pseudo)orthogonal Lie algebras

1. Clifford algebra representation of so(N) and so(1, N — 1)

First recall the commutators among the standard so(N) generators,
[Lij, Lkl] = —Z((Silek + 5jkLil — Jiijl — 5leik)~ (5.0.1)
Now is is easy to verify that the above commutation relation is fulfilled, if we express the generators L;; in terms of
the v matrices as follows:
1
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Problem 5.C.16: Verify the commutations (5.C.1) for the generators (5.C.2). Hint: apply the defining anticommutation
relations of the Clifford algebra.

The orthogonal generators are Hermitian: ij = L;j;.

Multiplying all but the first gamma matrices by the 12, 74 — 1y, for Kk =1,..., N — 1, we get the Clifford algebra
with generalized Minkowski metrics 7;;. The the relations (5.C.2) represent generators of pseudoorthogonal group
SO(1,N — 1),

[LIW,,LQB] = —Z(’I]MBLVQ +ra Lﬂﬁ — ’I]MQLVIQ — UVBLMQ). (503)

The generators are Hermitian or antiHermitian dependent on index values,

L:u _ L. for 1 Slu-,y <N -1, (5.0.4)
—L,, for remaining p,v.
The above equation can be verified using the (anti)unitary conditions on the gamma matrices (5.B.5)
'V: = NupYp = Y0VYuY0-
Note that the indexes are lowered and upped with the help of the metrics tensor: v, = 1,,7", etc.
The generators of the SO(1, N — 1) group split into two parts,
) ? .
Loi = 570, Liy = 575, 1<i<j<N-1 (5.C.5)

2 2

The %2(1\7—1) matrices L;; form so(N — 1) algebra, and the N — 1 others, Lo;, describe Lorentz boosts.

2. Dirac and Weyl spinors in four dimensional Minkowski space

In the following we restrict ourself to the spinor representation in four dimensional Minkowski space (N = 4 and
N = diag(l, -1, -1, -1).

Consider the spin—% relativistic fermions given by the N = 4 component spinor wave function ¢ = 1(z) obeying
the Dirac equation (5.B.28) which can be obtained from the variation of the relativistic invariant Lagrangian density

L=19y"d, —m)p, =1ty (5.C.6)

The Dirac basis for the gamma matrices is given by

0 __ I 0 k 0 O'k 5 07

where k = 1,2, 3 is the space coordinate index.
Another common choice is the Weyl or chiral representation of the gamma matrices, in which * remains the same
but 7 is different, and so +° is also different and diagonal,

0 _ o 07 k k 0 O'lC 5 -1 0
Splitting the four component Weyl spinor into two parts
¢L>
= = 5 5.C~9
v = = (1 (5.9)
we represent the Dirac equation as two coupled two component equations
WO+ -0V =mapp, (0 — G- D)L = mipg. (5.C.10)
In Weyl representation, the generators of SO(1,3) group have block-diagonal form (5.C.5),
o 1 —o; 0 - 1 o 0
=i (7). mel(o0), s

where Ly = €;;5L;; is a three dimensional angular momentum pseudo-vector. We see that the so(1,3) representation
on four-dimensional spinor usually referred as a bi-spinor, is reducible and splits into the two two-dimensional chiral
components, right and left spinors. The right chiral component 1z transforms under the proper Lorentz group action
as the complex conjugate to the left component, i.e. as 9] . Both representations are not equivalent.
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Problem 5.C.17: Calculate the values of the second order Casimir invariants of Lorentz group, L., L"" and €,,0,L"" L°” on
the right and left chiral spinor representations. Do they coincide?

We are looking now for the change conjugation matrix in Weyl representation. Note that 2 is imaginary while the
other v* are real. One can take for that the matrix

C =1 (5.C.12)
so that the charge conjugate spinor will be according to (5.B.29)

¥ (z) = 1y (x)*. (5.C.13)

Problem 5.C.18: Verify that the element (5.C.12) obey
1) the charge conjugate operator condition (5.B.27).
2) the condition C~! = C' = C*.

3. Majorana fermions

There is also the Majorana basis, in which all of the Dirac matrices are imaginary and spinors are real. In terms of
the Pauli matrices, it can be written as

o_(0 o2 1_ (o3 0 2_ (0 —o2 3 _ (—ior 0 5 (o2 0
K _<U2 0/’ 7= 0 ido3)’ 7= oo 0 e 0 —igy )’ V= 0 —o0y)" (5014)

The charge conjugate spinor in Majorana representation take the simplest form. Indeed, singe all gamma matrices
are imaginary, (y*)* = —y*, we have for the complex conjugate Dirac equation (5.B.28) just

V(10 + eAp) Y™ = my*

which allows to set the charge conjugate matrix to one, C' = 1. So, an antiparticle is just the complex conjugate of a
fermion:

Pl = p*. (5.C.15)

Now suppose the absence of the antiparticle for the Dirac spinor. More precisely, this means that a particle must
coincide with its antiparticle. Since the transmission to the antiparticles implies the charge inversion, e — —e, the
charge conjugate operator must be applied to get the antiparticle wavefunction.This property is called a Majorana
condition. In particular, Majorana representation we arrive at the real spinors,

VO (2) = p(x) so that Y(x)* = Y(x). (5.C.16)

In Weyl representation, the above condition implies the dependence between the left and right chiral components
of the spinor wavefunction,

Y (x) =109¢r(x)* or Yr(x) =109 (x)*. (5.C.17)

The wavefunction now is described actually by a singe two-component (left or right) complex spinor, instead of the
four-component real spinor as in the Majorana representation.

Problem 5.C.19: 1) Verify the Majorana condition (5.C.17) in Weyl representation. Hint: apply the Weyl form of charge
conjugation matrix (5.C.12), (5.C.8). 2) Derive the Majorana condition in Dirac representation.

Substituting the constraint (5.C.17) into the Dirac equation (5.C.10), we get the similar equation for the Majorana

fermions,

-

(O + 7 - 0)Yr = vmoahy or W0y — & - Dby, = vmoaih. (5.C.18)
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4. Maps between Dirac, Weyl and Majorana spinors

The maps between three representations of the gamma matrices are given in the following way. A map between the
Dirac ¢p and Weyl ¢y spinors is given by the same orthogonal matrix

1 /11
Yw = Swp¥p,  Swp = 7 (1 1) . Siyp=1 (5.C.19)

Similarly, a map between the Majorana 1); and Dirac ¥ p spinors is provided by is given by the matrix

1 (1 oo 2
=5 , Spym = — , S =1. 5.C.20
Yp DMWY pM = 5 <U2 _1) DM ( )
As we see, both matrices are involutive and unitary.

Hence, the through map from the the Majorana spinor to the Weyl spinor is given by the product matrix, which
also has to be unitary:

Yw = Swmm, Swm = SwpSpm, Suw Siw = 1. (5.C.21)
So, more explicitly,
_1 1+0’2 0'271 o+ _1 1+O’2 170’2
SWM—2(1_02 140y SMW—SWM—E oo—1 140y)" (5.0.22)

Of course, the same matrices intertwine between gamma matrices in Dirac 1, Weyl 44}, and Majorana ~4, repre-
sentations:

Yoy = SwpYhSwo, Y5 = SpmYhSpum, Y = Swm v Sy ar- (5.C.23)

Problem 5.C.20: Verify the above mapping relations.

Literature

In four dimensional Minkowski space-time, the algebra of gamma matrices, spinor representation of Lorentz group,

Dirac equation, etc. are described in detail in most books on the quantum field theory, see for example ( , ).
The higher dimensional Clifford algebra, its properties, spinor representations of orthogonal groups are described in
( , ). The resent review on Majorana fermions and its applications in physics is provided in ( , ).
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